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This thes is deals mainly with arriving at climatic design 
guidelines for enhancing thermal comfort within a bui l t 
space. The author here wishes to s ta te that greater 
emphasis i s placed on the methods of analysis employed 
than on the climatic design guidelines themselves. 
The building types considered are low-rise low and middle 
income housing si tuated in the hot dry monsoon climates 
of south India that employ t rad i t iona l building materials 
and methods of construction. 
Computerized thermal modelling using simulated weather 
conditions i s the evaluation method used. The software 
employed for the purpose is DEROB (Dynamic Energy 
Response Of Buildings), for the thermal modelling part , 
and Degelman's WETHRGEN (Weather Generator), for the 
simulation of weather. 
The studies are based on: 
i) patterns of usage of housing uni ts 
i i ) prevalent construction practices 
•iii) u t i l i z a t i on of building materials 
iv) evaluation of thermal performance 
to arrive at climatic design guidelines that are readily 
understood, simple, pract ical 母 n d easy to implement. 
-.,: • 3 
Foreword -
The quest for a set of workable climatic design 
guidelines for the hot dry monsoon climates of south 
India began a few years ago. In 198 8 the author," then 
employed in a private archi tec tura l firm in Bangalore, 
India, was per iodical ly involved in the designs for a 
public housing scheme in the nearby town of Mysore. The 
project contractors seemed to r e s i s t any form of 
innovative construction methods .
1
 Their preferences 
seemed to suggest： "We are quite adept at doing what we 
have been doing a l l along and think i t works quite well, 
thank you.
11
 This sort of resistance cropped up well 
a f t e r the contract documents were signed. 
At the same time, however, there seemed to be no similar 
res is tance from contractors who were employed, on a 
pr ivate basis , on projects involving the construction of 
individual houses and private developments. I t seemed 
that a rch i tec t s in general had lesser control over public 
housing pro j ects ：： i 
l— For instance, the architectural firm the author worked for had 
developed economical designs for floor slabs using a simple grid of 
locally available hollow clay blocks reinforced with steel , supported 
on precast RCC raf ters and covered with a thin layer of concrete 
screed. This system was designed to eliminate shuttering cost and the 
expectation was that the combination of clay and air space within 
would provide better insulation. But the contractors, realising that 
a lot more care needed to be taken on s i te to see this implemented, 
simply went ahfead and changed the specifications oil s i te to a regular 






Public housing i s a f i e l d of a r ch i t ec tu ra l design tha t 
po t en t i a l l y a f f e c t s a vast number of people. The smallest 
of design flaws can quickly get magnified due to the very 
r e p e t i t i v e na t lire involved in the d e s i g n s . 
Therefore, considering the prevalent conditions in the 
( l o ca l bui lding industry with respect to public housing, 
which are： 
a) The use of commonly avai lable bui lding mater ia ls 
(such as brick, stone and concrete) 
b) The continued re l iance on labour intensive 
construct ion methods (as labour i s cheap) 
and 
c) The employment of simple construct ion methods 
involving load bearing walls and small span roof 
s labs (as labour employed i s usual ly semi-ski l led 
or unski l led and mensuration i s of ten elementary
2
) 
-it seemed appropriate to work with the ex is t ing fabr ic of 
construct ion materials and methods, and make subt le 
changes within them to achieve grea ter thermal e f f i c i ency 
and comfort in a bu i l t space. 
2, Measurements on s i te are mostly based on just a measuring tape 
supplemented by a ball of string (for straight l ines), a plumb bob 
(for ver t ica l i ty) , a plast ic hose f i l l ed with water (for 
horizontality) and a tri-square (for right angles) - the author. 
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”There seem啷to be any number of guidelines from local 
development organizations for managing areas bu i l t and 
隱 ： t h e i r • construction costs；. Often local construction 
prac t ice i s taken for granted. Unfortunately, cl imatic 
design guidelines for spec i f ic local climates are hard to 
•顯： 
come by. Broad design guidelines for hot dry climates can 
always be obtained from arch i tec tu ra l books dealing with 
cl imatic issues, but may be too general . The above 
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1.0 Background 
One of the principal organizations behind public housing 
in India i s the Housing and Urban Development Corporation 
(HUDCO)• This body was established in 1970 as a 
Government of India undertaking, I t s main objectives are 
to finance or undertake housing and urban development 
re la ted construction programs, Agencies e l ig ib le for 
HUDCO's f inancial assistance include various s ta te 
housing boards, c i ty improvement t rus t boards and other 
such local development author i t ies . 
In 1986 in the southern s ta te of Karnataka (Fig. 1), 
HUDCO provided a great deal of f inancial assistance for 
housing for the Karnataka Housing Board (KHB) and the 
City Improvement Trust Board (CITB), Mysore, 一- both of 
which are local development author i t ies . Realizing that 
the i r in-house capabi l i t ies were inadequate, the KHB and 
the CITB, Mysore, took a new in i t i a t i ve and decided to 
appoint many local practicing archi tects to design 
housing schemes in various towns a l l over the s ta te 
(Sharma； 1987). 
The major archi tectural design consideration put forth by 
HUDCO is s t r i c t cost control (Sharma, 1987), as these 
housing schemes are generally for middle and low income 
groups. HUDCO's funding is inversely proportional to 
income group, with the greatest ' subsidies for low-income 
housing, lesser subsidy for middle-income housing and 
14 
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Fig. 1: Map showing locations of some of the HUDCO 
ass is ted housing projects in the southern s ta te of 
Karnataka/ India. 
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the l-east subsidies for the high-income group housing 
schemes i::.: Subsidies include ： 
i) land and land development, costs 
i i ) construction costs ii i i ) provision of long term loans on easy terms. 
The other important archi tec tura l design considerations 
for which l imits are established by HUDCO at the outset 
are ： I- maximum areas per unit (by income group) .-minimum internal room areas and room widths, 
M - a fixed number of housing uni ts for a given 
housing type, 
-hous ing density 
and 
一 income group mix within each projec t . 
These l imi ts serve as design guidelines and help define 
planning problems. There i s , however, an absence of 
climatic design guidelines. Often arch i tec ts appointed by 
HUDCO find themselves designing projects at s i t e s that 
are c l imat ical ly remote from the i r usual area of 
prac t ice . They may not have a working knowledge of the 
climatic conditions for the projects concerned. Added to 
that i s a common problem encountered by the a rch i tec t s , 
which i s a lack of suf f ic ien t design time. Very often 
when a project i s handed over to an archi tec t , i t i s done 
with a time limit of less than three months for design 
16 
completion. In th i s period s i t e surveys, f ina l design 
drawings and estimates a l l have to be submitted for the 
Housing Boards to proceed with the next stage of project 
implementation, such as cal l ing for construction tenders. 
Therefore, one will find a good number of a rch i tec t s who 
are, unless they have had some experience in designing 
for the par t i cu la r local climate, unable to u t i l i z e many 
of the more cos t -ef fec t ive s t ra teg ies and affordable 
aspects of climatic design. Appropriate or ienta t ion, 
shading devices, wall thicknesses, opening sizes and 
the i r location, e tc . , promote an increase in comfort 
levels within a bu i l t space (Evans, 1980), (Rapaport, 
1969), (Razak, 1992). I t requires considerable investment 
in time and e f fo r t for pract icing arch i tec t s to research 
these c r i t i c a l aspects of a rchi tec tura l design for a 
var ie ty of climatic regions. 
During his years working on such projects for an 
arch i tec tura l firm in Bangalore, Karnataka, the author 





 -- for climatic design that u t i l i z ed exis t ing 
materials and methods of construction for such climates 
as are to be found in the region. 
3. 'Ready reckoner' - colloq., for 'quick reference' — author. 
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Karnataka, formerly known as Mysore, l i e s between 
l a t i t udes 12°N and 18°N (Fig. l a ) . I t has four climatic 
zones (Koenigsberger, 1974): 
i) A short 300 km. long, 80 km. wide coastal be l t 
with a warm humid c l i m a t e / 
i i ) a 1500 m. high mountain range running pa ra l l e l 
to the coast known as the Western Ghats with a 
t r o p i c a l upland c l i m a t e , 
i i i ) a 90 0 m. high plateau to the southern region 
with a temperate monsoon c l i m a t e 
and 
iv) a 500 - 700 m. high plateau in the northern 
region with a hot d r y monsoon c l i m a t e . 
This fourth zone covers approximately half the area of 
the s t a t e and i s shared by two other s t a t es - south-
eastern Maharashtra and western Andhra Pradesh. This zone 
i s considered to be economically backward. I t i s in the 
process of receiving encouragement for agr icu l tu ra l , 
small and medium scale industr ies by the central as well 
as the s t a t e s ' respective governments. Housing logica l ly 
forms part of the inf ras t ruc ture necessary to ensure the 
successful implementation of the agr icu l tura l and 
indus t r ia l development programmes. 
18 
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Fig. l a : A map of Karnataka showing the climatic zones. 
I t i s hoped that improvements, however small, in climatic 
design for th i s region, wil l have a cumulatively posi t ive 
e f fec t on the l ives of a great number of inhabitants
4
. I t 
was therefore proposed to study the e f fec t s of the hot 
dry monsoon climate upon low r i se housing for middle and 
low income groups. 
4. Loans sanctioned by HUDCO in 1994 amounted to the equivalent of 
US$4 0 million. I'his would translate to approximately 15000 
resident ia l units - author. 
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1•1 The s i t e 
Chitradurga i s a town in the s ta te of Karnataka. I t i s 
the d i s t r i c t headquarters for Chitradurga d i s t r i c t and 
has a population of about 3 00,000. I t ' s geographic 
location i s 14°N & 77°E. I t was chosen, for the purposes 
I of the proposed study, to r e p r e s e n t a town with th i s type 
of climate for two reasons. The f i r s t i s the author ' s 
f ami l i a r i ty with the area. The author i s acquainted with 
the town and i t s surroundings. Frequent v i s i t s over many 
years (between 198 6 and 1992) while designing homes and 
undertaking the renovation of a nursing home have lent 
the author an understanding of the climate, the materials 
available and labor-intensive local construction 
prac t ices . The second i s the KHB's proposal for a housing 
project for the town. Approximately ten hectares of land 
on the ou t sk i r t s of th i s town has been al located by the 
KHB for proposed development into middle and low income 
group housing on the outski r t s of t h i s town. 
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1.2 T.ow J l se housing fn-r T.ow and Middle income groups 
(T.TO & MIG) 
HUDCO divides i t s housing projects into four major 
categories (HUDCO, 1987) - (Appendix F): 
i) Economically Weaker Sections (EWS) 
i i ) Low Income Group (LIG) 
i i i ) Middle Income Group (MIG) 
iv) High Income Group (HIG) 
Low and middle income group housing form the larger 
proportion of public housing projects . Over the years a 
form of low and middle income group housing that has 





 that u t i l i z e s the core-house concept 
(Colquhoun & Fauset, 1991), (p.45, Koenigsberger et a l , 
1971). As the name suggests, the construction of the unit 
i s implemented in stages, i n i t i a l l y appearing as a LIG 
housing unit tha t , over a f lexib le period of years based 
on a family 's economic necessity and growth develops into 
a MIG uni t . This growth i s not i r regular but i s based on 
the a r ch i t e c t ' s designs for the un i t . 
rmmm：. “ 
the growth- i s represented in f ive stages (Figs. 3 - 8) . A 
convenient pa t te rn of development i s the row housing 
pa t t e rn represented below (Fig. 2) . [This i s a s impl i f ied 
representa t ion only and, i s non-specif ic with respect to 
o r i en ta t ion as, under actual s i t e conditions a given uni t 
-、： '：^ / > • “5私缚1^ ^^ 1¾¾^¾¾¾¾二：上.|：.夂,...：.V 
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Fig.: 2 ： Part of the c lus te r that forms row housing. 
The descr ipt ions following each f igure are of a very 
general nature, considering the many possible 
circumstances that go with a family 's growth and the 
pa t te rns of l iv ing . ’厂 
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Fig. 3: Stage 工 of an incremental development MIG unit 
^ H • 
• 
In Stage I , a very basic MIG unit i s bu i l t that includes 
I：. • 
jus t a ha l l , a kitchen, a bath and a t o i l e t . This i s akin 
to a LIG un i t . A family moving in may consist of jus t one 
person or a couple. (This i s a very general assumption, • ^ • • -
as a var ie ty of options are possible)： 
- a couple moving in may have a child or 
children; 
- i n some cases a r e l a t ive may join in； 
- t h e house may be l e t out t i l l the family i s 
ready to move in. 
In short , i t i s not unlikely to. have three or four people 
residing in th i s small house even at t h i s early stage, 
23 
a l l l i v ing in and sharing one ha l l . Sometimes a temporary 
pa r t i t i on - 丄 a curtain, for example -- may be introduced 
in the ha l l , or one person may sleep in the kitchen. 
Lack of space within the house, coupled with the 
r e l a t i ve ly cooler outdoor temperatures at night during 
the hot season, induces people to sleep outdoors, e i ther 
in the backyard or on the ter race . 
24 
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Fig. 4： Stage 工 工 
Stage II may occur a couple of years a f t e r stage I . A 
very important addition, a bedroom, appears. The family 
at t h i s stage wil l usually consist of a couple with one 
or two children. The addition of th i s room great ly 
reduces the s t ress of many people l iving in jus t one 
ha l l . 
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Figure 5: Stage 工 工 工 
Stage 工 工 工 usually occurs between five and ten years a f t e r 
stage 工 and involves the building of a s taircase (in many 
cases th i s may be just a f l igh t of steps open to the 
exter ior) , just a hall on the f i r s t floor- and a second 
t o i l e t . The housing unit would now begin to resemble an 
MIG uni t . A pair of units (Fig. 6) shows how they appear： 
I 入 ’ ^ ^ : ； ^ 
Fig. 6： Axonometric view of twin uni ts . 
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Fig. 7: Stage IV 
In stage IV a second kitchen on the f i r s t f loor may allow 
the f i r s t f loor to be rented out to a separate family, or 
in case parents move in, the couple may move ups t a i r s . 
This would allow the i r parents the convenience of l iv ing 
on the ground f loor . This stage usual ly occurs at around 
ten to twelve years a f t e r stage 工 . O n e of the children 
may be old enough to go to college (and so may move away 
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Fig. 8: Stage V： 
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Stage V represents the completed housing uni t , a repeat 
of the complete ground floor unit on the f i r s t f loor , an 
extended port ico, balconies at the rear to provide some 
semblance of an 'outdoor' space, and the possible 
continuation of the s ta i rcase to the roof of the upper 
un i t . If the whole house functions as one, then the 
kitchen space on the f i r s t f loor may also be used as a 
sleeping area . 
f ^ ^ . , 28 
1.3 Use of space with respect to time 
This section regarding use of space i s based on the 
author ' s f ami l i a r i ty with l iving conditions in south 
Indian homes, coupled with his experiences as an 
arch i tec t in the area of housing design for HUDCO. An 
ac t i v i t y chart (Fig. 9) has also been prepared based on 
ml ., 
the author ' s observations and a comparison can be made 
with the ac t i v i t y chart for Khartoum, Sudan, also during 
the hot season (Appendix A, Koenigsberger et a l , 1974) • 
I I I I • • I 
Families tend to include three to four adults and two to 
three children (the husband and wife, the husband's 
L parents, two to three children, and maybe one or two 
re la t ives) for a t o t a l of six to eight people l iv ing in a 
two or three bedroom house； t h i s number i s quite common 
among low and middle income group families (Saini, 1980) • 
The husband i s the main wage earner and the wife 
generally manages the household, with some duties divided 
between the grandparents. If the wife also works, the 
house may be managed by the grandparents. Children attend 
school from the age of six onward. 
Generally children are f i r s t to leave the house for 
school in the morr^ing, usually before seven. The husband 
leaves early for work around the same time only i f he 
works in an industry, on a farm or i f he has a shop to 
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Fig. 9: Activity chart for homes in Chitradurga, south 
India (based on the author 's observations). 
3。 
There i s a great deal of ac t i v i t y ear ly in the mornings 
as most households of four to six people have jus t one 
t o i l e t and bath. For th i s reason t o i l e t and shower areas 
are seldom combined into one f a c i l i t y . Food preparation 
begins around 06:00 and continues t i l l around 10:00 
• 
/ • , ‘ . . hours . 
. V..5 
Laundry i s usually an outdoor ac t i v i t y . Mopping of f loors 
i s an important ac t iv i ty that serves to cool the rooms by 
— - - - — - - - — 
1991). Sprinkling of water on the front and back yards 
helps keep the dust down as well. 
I 
Early afternoons (between 13:00 and 15:00 hours) are 
quiet periods with sedentary ac t iv i t y at best . Few people 
1 
are at home. Those who are usually are at r e s t . Children 
I 
get back from school around 16:00 hours and the family i s 
reunited around 17:00 hours. Vis i tors may drop in or 
people may choose to go out in the evening. Generally 
everyone i s back home before 21:00 hours for dinner. Many-
people watch popular te levis ion programmes
5
 a f t e r dinner 
time. Children may be asked to do the i r homework. 
Everyone generally goes to bed by around 23:00 hours. 
5. This. is only from the mid-1980s onward； the network of television 
broadcasts in India was upgraded to cover the whole country around 
this time. In addition to this , STAR TV' was introduced in 1990. I t s 
success confirms the fact that more people stay at home to watch TV 
than before. 
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1.4 Adapting for r.nmfnirt 
Air conditioning i s not used as i t i s not affordable； 
hence/ adapting for comfort by the inhabitants (in other 
words, not gaining heat) during the hot season takes the 
following simple forms, termed as 'managerial control
1 
(Koenigsberger, 1974). 
- C e i l i n g and table (or pedestal) fans become necess i t i e s 
to improve a i r c i rcula t ion , promoting heat loss by 
convection and evaporation (Chow & Fung, 1993). 
一 W i n d o w s may be kept closed during the day to keep out 
bright l igh t , hot a i r and dust； and may be kept open at 
night to help the house lose heat to the cooler 
outside. This promotes heat loss by convection (Fathey, 
1986). 
-Peop l e walk barefoot within the house. This promotes 
heat loss by conduction to the f loor (Fanger, 1970). 
一 On hot nights, sleeping outdoors i s not uncommon. (This 
promotes heat loss by convection, radia t ion and 
evaporation). (Adebayo, 1990). 
-C lo t h i ng i s l ight (0.25 - 0.5 Clo
6
) . (This minimizes 
heat re ten t ion) . (Givoni, 1976). 
6. Clo: A unit of thermal resistance of clothing. (A Clo value of 1.0 
represents a standard two piece business suit and accessories. A pair 
of shorts is about 0.05 Clo - Appendix B.) 
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1•5 The roof as a sleeping area 
The hot dry season also brings with i t temperature swings 
of over 15°C (ISR〇，1993)、 This means that outdoor spaces 
during the night become acceptably comfortable in terms 
of temperature. Very na tura l ly , people have for ages used 
pr iva te outdoor areas such as f ront and back yards, 
courtyards, balconies and f l a t roofs
7
 as sleeping areas 
(Adebayo, 1990). Of these, courtyards are usual ly the 
most pr iva te of outdoor spaces. A sense of privacy i s 
a lso achieved when roofs are used for night time 
sleeping. 
The common method of sleeping up on the roof i s to f i r s t 
create a place to sleep on by unfurl ing a straw mat upon 
the roof and then unrol l ing a cotton mattress upon it• 
Often, a couple of folded blankets may be used in l i eu of 
7. Flat roofs are commonly built as follows： Once the load bearing 
walls for a room or a set of rooms are built to roof height, 
scaffolding is erected. This is usually out of a commonly available 
source of timber,, which in these regions is either the cashewrina 
tree or the s i l v e r oak that provides 100 - 150 mm diameter and 4 - 5 
m long sturdy poles. These poles' are spaced at around 0 . 6 - 0.75 m in 
either direction. The top is framed together with a network of minor 
branches and grass and weed are used to f i l l the minor spaces. This 
is formed into an even surface using plain earth. Once this surface 
is tamped i t may even be "smooth-finished" with cement slurry or even 
cow dung. This process is termed "mud-centering
11
. Reinforcment steel 
(usually one-way; as the spans are generally not greater than 3.6 m) 
for concrete is laid upon this centering. Coarse aggregate is used 
here and there as spacers below the tension bars in order to ensure a 
bottom cover for the concrete roof. After the concrete is poured and 
set (usually to a thickness of about 150 mm), a layer of brick bats 
is laid on top varying from about 200 - 230 mm thickness at the 
centre to about 75 - 100 mm thickness at the edges. This is covered 
by a ,layer of lime mortar laid to a slope of at least 1:60 to ensure 
drainage of rain water. The above process is widely used in the 
construction of f la t concrete roofs - author. 
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a mattress-. If mosquitoes pose a problem then mosquito 
ne ts are used over the sleeping areas . 
The author has had some experience with sleeping up on 
the roof . While i t i s reasonably comfortable at night , a 
f ee l ing of being qui te cold occurs around 03:00 or 04：00 
hours, j u s t before dawn. People e i t he r reach for an extra 
blanket at t h i s time or simply r o l l up the bed and go 
back in to the house carrying i t with them. Depending upon 
t h e i r rout ine they may continue to sleep inside or begin 
a new day. 
During these pre-dawn periods temperatures drop to around 
15°C for a br ie f duration. There are no measurements of 
roof surface temperatures avai lable to the author but the 
roof was f e l t to be quite cold to the touch. This i s 
because of continuous rad ia t ion losses to the night sky 
as the skies are extremely c lear during t h i s season. 
Clear, night sky temperatures range from -20 to -25°C at 
the zenith of the sky vaul t , to roughly the a i r 
temperatures at the horizon (Higgs, 1991). Flat roofs see 
most of t h i s cold sky a l l night and being at a higher 
temperature lose heat a l l the time with l i t t l e gain from 
the immediate surroundings un t i l an hour or so a f t e r 
sunr ise . Also, the presence of parapet walls means tha t 
long shadows wi l l be 
cast upon the roof for the f i r s t 
hours a f t e r sunrise and the roof may begin to heat up 
from the sun 's rad ia t ion only a f t e r around 07：00 hours. 
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2.0 Objective 
The aim of th i s work i s to create a climatic design 
checkl is t , a sort of a quick reference for designers 
working on projects si tuated in the hot dry monsoon 
regions of south India. These design guidelines should 
cater to those elements and spaces within that make up a 
typical low-rise, Low and Middle Income Housing unit , 
namely： 
i) orientation 
i i ) walls - the i r thickness, material and 
color 
i i i ) openings - the i r size and placement 
iv) roofs - the i r material, thickness and 
colour 
v) shading components - the i r size, 
placement and effectiveness 
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3.0 Methodology 
Many researchers have created and explored a var ie ty of 
methods for predicting comfort levels for an unbuilt 
design. Computerized thermal modelling i s one of the 
methods. Many such thermal: modelling systems exist today. 
Some of the more prominent ones (Appendix D) are： 
i) Building Load Analysis and Systems Thermodynamics 
program (BLAST) developed by the US Army 
Construction Engineering Research iLaboratories, US 
(Li t t le r & Thomas, 1984)• 
i i ) Dynamic Energy Response Of Buildings (DEROB) 
developed at the University of Austin, Texas 
(Higgs, 1991), (Hand, 1987). 
i i i ) the US Department of Energy's DOE developed at the 
Lawrence Berkeley Laboratory, US (Chow et a l , 
1993). 
iv) the Environmental System Performance program (ESP) 
developed at the University of Strathclyde, UK. 
(Clarke, 1985) 
Running such software on powerful computers allows one to 
quickly model a building for a given location and 
climate, a l l the while employing many di f ferent and 
comparative scenarios. 
A study using DEROB was performed between August and 
October 1994, for a type of apartment for Hong Kong's 
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high r i s e public housing (Higgs/ 1994) to assess i t s 
thermal performance during the hot period that l a s t s from 
Apr i l - to October. Apart from the time spent creat ing data 
f i les ' , a f u l l run typ ica l ly took about two and a half 
hours for 32 var ia t ions in location when run on a Sun 
Sparc 10/50 workstation. This sort of generous computing 
power was avai lable to the author during the l a t t e r half 
of h is research period. 
The DEROB system has the following advantages： 
i) I t has a very general s t ructure allowing for high 
r e l i a b i l i t y in a var ie ty of s i tua t ions . 
i i ) I t i s very
 1
 f i r s t pr inc ip les
1
 oriented and has a 
compact, well documented kernel consist ing of less 
than 10000 l ines of FORTRAN coding, 
i i i ) Unlike most other simulation systems i t employs few 
s impl i f ica t ions for the sake of run time ef f ic iency , 
iv) I t i s not encumbered with "engineering models" of 
var iables in teract ions where the l imi ts of the 
models are not well understood. 
v) The source code i s readi ly avai lable . Access to the 
in te rna l workings of- DEROB by a knowledgeable 




An added advantage i s that the DEROB system has been set 
up such that i t can be run both as a MSDOS based 
appl icat ion or as a UNIX based one and allows for a ready 
interchange of information. The author ' s e a r l i e r 
f ami l i a r i t y with MSDOS allowed data f i l e s to be created 
. : : . . . : . . . : • . . . . . :、‘.. . . .“ . 
using simple text edi tors as required by DEROB and making 
t e s t simulation runs on a 80486 based PC. The tes ted 
inputs were then transported to the much fas t e r SUN SPARC 
10/50 workstation for s ens i t i v i t y s tudies . 
Field val idat ions have been carr ied out on DEROB at the 
Los Alamos Sc ien t i f ic Laboratory, New Mexico, (Arumi-Noe 
& Northrup, 1979), as well as comparative f i e l d 
I val idat ion studies with other simulation systems 
(Judkoff, et a l , 1981). The program has been shown to be 
capable of reproducing observed measurements 
consis tent ly , within a 5% margin (Arumi-Noe & Northrup, 
1979). 
The r e su l t s of experiments in DEROB with on s i t e readings 
have been well documented and referred to in various 
studies (L i t t l e r & Thomas., 1984) , (Higgs, 1991) • I t can 
now be used as a tool for predicting the thermal behavior 
of a building for a given location provided re l i ab le 
climate data i s available. 
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3.1 DEROB- - An overview 
DEROB, or Dynamic Energy Response Qf Buildings (DEROB-
工 U A , , ' 1 9 8 4 ) i s a computer program that i s used as a 
simulation tool to model the thermal behavior of the 
elements and the spaces within that make up a building 
within a given weather framework. The DEROB sui te of 
seven component programs i s a building shel l intensive 
thermal simulation model. I t reduces a bu i ld ing ' s 
descr ip t ion to a R-C network (Resistance-Capacitance 
e l e c t r i c a l network) analogy and then proceeds to solve 
the network for hourly weather conditions. 
The component programs require input regarding： 
I ' 、 
1. The geometric and material descript ions of the 
bu i ld ing ' s various elements： f loors , walls, 
I / " i • 
openings and shading components 
2. The bui ld ing ' s or ienta t ion, period of the year for 
the simulation, information on mechanical 
equipment used to control indoor climate (if any), 
a l l other energy inputs within the building 
3. An hourly weather f i l e for the location in 
consideration. 
The output i s in the form of a report on the bui ld ing ' s 
thermal performance . 
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The component programs that make up DEROB are： 
； ； D e a l s ^R^uix^l;； / ,：二八之对茨潔:j 产: 
DIG -Solids and voids a. Building geometry input; 
(Digitization that make up a may also require 
of building building b. addi t ional information 
geometry) regarding advection 
connections between 
in te rna l volumes 
c. f l u id s contained by the 
volumes, i f not a i r 
GF -Geometric view - Building geometry input 
(Geometric angle f a c t o r s 
factors) between p lanes 
WAL -Proper t ies of 一 Wall mater ia ls , t h e i r 
(wail opaque walls order of placement and 
equations) thicknesses 
LXIM -Opaque wall - Surface absorp t iv i ty 
(Luminance surface input in so lar and IR 
tensors) absorpt i v i t i e s bands 
and 
t r ansmiss iv i t i e s 
SOL -Orientat ion and - Building
1
s o r i en ta t ion 
(solar s imula t ion per iod with r e spec t to south, 
penetration) s imula t ion s t a r t and end 
time Sc moveable 
insu la t ion schedule, i f 
any 
TL -External & - Thermal loads： 
(Thermal in te rna l cl imatic thermostat s e t t i ngs , 
loads) conditions ven t i l a t i on capac i t i es , 
schedules and 
connections, weather 
f i l e 
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! T h e DEROB-IUA 1.0 flow chart (Fig. 10) fur ther c l a r i f i e s 
the working of the 
system. The output of one component 
program i s read in as the input for another. This works 
we l l / fo r the user . Once a bu i ld ing ' s descr ipt ion i s set 
up and a set of s tudies i s carr ied out, one needs to run 
1 
j u s t the l a s t two modules (SOL and TL) in case only the 
e f f e c t s of or ien ta t ion need to be studied. If one changes 
wall mater ia ls , jus t the WAL and TL modules need to be 
run again. If absorp t iv i t i e s are changed, jus t the LUM 
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Specialised output f i l e statements in the TL f i l e 
se t t ings allow the user to save speci f ic r e su l t s apart 
from the standard output generated by the TL run. If the 
resu l tan t temperature, or the energy balance in the form 
of radia t ion (IR or solar) , convection or conduction 
！ energy for a par t icu la r volume or surface for a 
pa r t i cu l a r hour i s required to be saved to a f i l e , i t can 
be done so from the TL run. 
1 1 ' ' .. , ‘ 
I 
醪 
3 .2 Modell-ing the climate 
3.2.1-: The climate of Chitradurga d i s t r i c t i s marked by 
、.:.:y three d i f f e r en t seasons (ISR〇，1993)： 
a) A hot d r y season： This occurs between March and May 
during which the mean dai ly maximum temperature reaches 
38°C and the mean dai ly minimum i s 25°C. During t h i s 
season maximum temperatures may reach 41°C. Skies are 
c lea r throughout. Relative humidity i s around 65% in the 
mornings, dropping to below 30% in the af ternoons. This 
implies a dewpoint average of around 18°C. Winds are very 
s l i gh t , and are r a re ly more than 2 meters per second. 
. 
b) A relatively pleasant monsoon season： Annual 
I: , • _ :狐：r. . . • 
r a i n f a l l on an average i s around 580 mm. This occurs 
mainly between June and September. There i s also a second 
short monsoon with s imilar conditions between mid-October 
and mid-November. On an average there are 40 rainy days 
in a year. The monsoons are accompanied by moderate winds 
averaging 4 meters per second, general ly from southwest 
to northeast• 
c) A cool d r y season： December to February i s the cool 
dry season with c lear bright weather. The mean da i ly 
maximum temperature i s 28°C and the mean dai ly minimum 
during t h i s period i s a r e l a t i v e l y cool 17°C. 
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I t can be -seen from the weather data gathered for 
Chitradurga d i s t r i c t (Appendix E) tha t the most 
problematic period with respect to human comfort i s the 
hot dry season between March and May (Fig. 11). These 
.丨 
three months wi l l be taken into considerat ion for 
$ — e n t r a t e d study. 
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3.2.2 Modelling thp nlimate for DEROB. 
DEROB- requires an hourly weather f i l e for the l oca t i on . i n 
considerat ion. Weather data for Chitradurga d i s t r i c t was 
obtained from the only meteorological observatory in the 
town of Chitradurga that has maintained meteorological 
data since the turn of the century.
8 
’ 。 ’ . , . : 。 - ， : 
隱 T h e software used for wri t ing the hourly weather f i l e i s 
a weather data generator known as WETHRGEN (Degelman, 
1990). According to t h e i r manual i t i s a s t a t i s t i c a l l y 
driven computer model for preparing hour-by-hour weather 
data for input to energy analysis software. I t prepares 
hourly values for： 
(-• • I I I • 
i) dry-bulb, wet-bulb, and dew point temperatures 
陽（ * 
i i ) sun a l t i t ude and azimuth angles 




components of solar insola t ion 
iv) cloud cover f rac t ion 
v) wind speed and barometric pressure. 
I f ' d e s i r ed , the user may request tha t the output be 
wr i t ten in TRY (Test Reference Year) or TMY (Test 
8. The author had considerable d i f f icu l ty in obtaining the data as he 
was resident in Hong Kong and had to rely on his contacts back home 
to procure the necessary information‘This d i f f icu l ty was because of 
the specific nature of the data required. The problem was f inal ly 
solved*when the office the author formerly worked for in Bangalore, a 
few good' friends and the Scientific Secretary of the Indian Space 
Research Organization (ISRO) at Bangalore were approached. Much of 
the data received was meticulously copied from the meteorological 
offices by hand (Appendix E). 
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！ Meteorological Year) formats for eas ie r input processing 
by other energy analysis software;； If required, there i s 
I . a compressed set of weather data s t a t i s t i c s from a pre-
ex i s t ing weather database of. two hundred and seventy one 
U.S. c i t i e s . The user may create a customized data base 
by adding any number of data se t s for new s i t e s . New 
_ • • 
s i t e s require a "one-time only" input of about a hundred 
.'-•.:.,‘.:'.. 
values to represent the compressed weather data. Data may 
I 
be entered or extracted in e i the r SI or inch-pound un i t s . 
For those cases where energy calcula t ion time 
considerat ions are c r i t i c a l , reduced output may be 
se lected for as few as seven days per month. These 
condensed outputs wi l l s t i l l y ie ld s t a t i s t i c a l l y correct 
weather averages and extremes for both design and energy 
I “ 一 
calcula t ions (Degelman, 1991). 
The following data were input： 
i) Dry bulb average for every month, 
i i ) Dry bulb average of maximums for every month, 
i i i ) Dew point averages for every month, 
iv) Highest maximum temperatures recorded for 
a month, for a l l twelve months7 
v) Average ,solar radia t ion on. horizontal surfaces 
by month 
and 
vi) Wind speed average for every month. 
These averages themselves were dr^wn from ten years of 
data taken between 1984 and 1993. Perusal of the data 
圓 讀 4 6 
required that dew point temperatures be obtained from 
r e l a t i v e humidity values as: 
I . 
RH = VPactual X 100% 
VP saturated 
(where RH = Relative Humidity 
VPactual = 
Actual vapour pressure 
and VPs a tura ted = Saturated vapour pressure) 
• ‘ . 
We also know that 7 by def in i t ion , at dew point r, 
actual vapor pressure = saturated vapor pressure. 
This i s defined as the solution t d ( p , W) of the equation： 
I ws(p, td) = w 
which i s 
• 
Pws( td) = Pw = (pW)/(0.62198 + W) 
where Ws 二 saturated vapour pressure 
p = total pressure of moist air 
td = dew point temperature 
W = humidi ty ratio of moist air 
Pws (^d^ ~ saturation vapour pressure at dew 
, point 
and pw = wa te r vapour p a r t i a l p r e s s u r e of moist a i r 
(chv 6 , ASHRAE Handbook, Fundamentals, 1985) 
Al ternat ively , the dew point temperature can be 
calcula ted d i r ec t l y by the following equation for the 
temperature range 0 to 70°C： 
I
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I t d = -35.9-57 - 1.8726*loge(pv) + 1 ； 68 93 * [loge (p^) ] 2 
where- t d i s the dew point temperature in °C 
. . . : : . . . . . . . ； - V - •.:.. 
and' pw i s the water vapor pa r t i a l pressure in kPa. 
(Dew points can also be read off a psychrometric chart .) 
I . - :1: :  : : ^ 
Once these required values are entered into the WETHRGEN 
program, the process of creating a f i l e containing 
weather information for an ent ire year i s f a i r l y simple 
(a year i s simplified as consisting of 3 65 days x 24 
hours per day = 8760 hours). Customized output ta i lored 
for use with DEROB is generated. A small f i l e describing 
the s i t e ' s location (lat i tude, a l t i tude and time 
difference with respect to the time meridian) and year or 
period of study i s also required. 
After the DEROB weather f i l e for Chitradurga was created, 
random comparisons were made with the actual weather data 
for a few dif ferent days in a year and the resu l t s were 
consistent with the pattern of variat ion though not 
necessari ly corresponding to the actual ent r ies recorded 
hour by hour
9
. (Compare the sinusoidal curves from an 
actual day with one generated by WETHRGEN in Fig. 12.) 
This i s to be expected as, similarly, even actual weather 
data from any two years for a given location would only 
show consistency with the pattern of var ia t ion. 
9. A "mismatch percentage" with respect to variations from an actual 
day to a corresponding Wethrgen generated day can probably be deduced 
provided there is enough recorded hourly weather data available for a 
great number of days.. 
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A comparison of temperatures generated by WETHRGEN 
with an actual day (April 10-11, 1992) 
40 r —— 丨 
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Fig. 12 : A comparison, of diurnal temperature curves 
A fu r the r observation regarding the weather f i l e was 
made. The da i ly averages were p lo t t ed on a graph (Fig. 
12a) and there appears to be a monthly pa t t e rn followed 
by Degelman
1
s software in compiling the weather f i l e . 
There i s a marked f a l l and a sharp r i s e between the l a s t 
day of every month and the f i r s t day of the next. 
Although t h i s kind of va r ia t ion in da i ly averages i s not 
abnormal in rea l l i f e s i tua t ions , the pa t t e rn seems to be 
unusually cons is ten t . There remains a doubt in the 
au thor ' s mind regarding the e f f i cacy of t h i s method of 
weather f i l e generation
1 0
. However, in the absence of any 
other weather f i l e generating program known to the 
author, t h i s one i's used. 
10. Section 3.2.3, which follows, explains how a weather f i l e thus 
generated, (discrepancies included) can be manipulated for the 
purposes of studies like this . 
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Average Daily Temperatures for Chitradurga. 
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Fig. 12a： Averaged dai ly temperatures as generated by 
I Degelman's Wethrgen software showing the r epe t i t i ve and 
unnatural 3°C f luc tua t ions by month 
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3.2.3 Speoial weather f i l e s 
I 
Par t ly because of the discrepancies noted in section 
3.2.2; e a r l i e r , and par t ly because the period of study 
was not required for an complete year, an extension to 
the creat ion of a weather f i l e for an ent i re year was 
developed. This involved se t t ing up special weather f i l e s 
jus t for the period of study in question instead of using 
an en t i re year ' s weather. 
However, DEROB requires a s ta r t -up period to precondition 
the thermal network analog of a building (since DEROB 
se ts a l l nodes in the network to 2-Q
9
C at the ou tse t ) . 
This i s done with the intention of "exposing" the 
computer model to the climatic conditions in question so 
that a simulation i s s tar ted from a s i tua t ion that 
resembles what would be encountered in pract ice . 
According to the DEROB users ' manual, in the absence of a 
s t a r t -up period DEROB defaults to preconditioning the 
building with four days of the f i r s t day's weather data. 
For heavy s t ructures with.reasonable amount of thermal 
masB
11
 a longer s tar t -up period needs to be specif ied. 
This would； however, s t i l l use just the f i r s t day's 
weather data. 
11. "Reasonable amount of thermal mass" here refers to buildings with 
at least 23 0 mm brick walls and 150 mm concrete roofs, A "heavy 
structure" is not defined exactly but i t can be read here as a 
structure that, by virtue of i t s mass, contributes to a time lag of 
not iess than 7 hours for heat transmission from one side of a 
barrier to the other (pp. 41, Saini, 1980). 
Sometimes -the studies may need to be carried out for jus t 
a few weeks
12
. One may need to concentrate on the 
pa r t i cu l a r nature of the weather in question (in t h i s 
case ,the hot dry season) . However, a typical month within I a study period may not be composed en t i re ly of typ ica l ly 
hot days. To achieve th i s ' se lec t ive ly hot, synthetic 
weather
1
 (mimicking a hot spell) ./ an algorithm was 
wr i t ten . This program scans the ent i re weather f i l e 
containing a year ' s weather data to select the top 10, 5 
or 2½ percent (
1
x' percent) of hot days in a year. The 
sampling process involves calculat ing the average dai ly 
‘ 
temperature and select ing the top
 1




I Explaining th i s in matrix form (Fig. 13), these are lined 
up in a column in ascending order one below the other. 
. 
Then the average daily temperature for twenty days before 
each of these days i s entered in each row, ending with 
I 
the 'x ' percentage day. 
^ ^ • 1 …/ :::: 
12. Consider, for example, a building that is simulated from the 
f i r s t day of March to the twenty-first day of March. If a two week 
start-up period is included, DEROB will pre-condition the model with 
fourteen days of the 1st of March's weather .data. I t would then 
process the weather data from the simulation period. The report of 
the thermal performance of the building would s t i l l be generated just 
from March 1 to March 21, ignoring the fourteen repetit ive days prior 
to March‘1. 
13. The top 10% hottest days would mean the hottest 3 7 days, the top 
5% hottest days would mean the hottest 19 days, etc. 
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THREE WEEK STARTUP PERIOD LEADING UP TO THE 2.5% DESIGN DAY 
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SPECIALISED WEATHER FILE LEADING UP TO THE DESIGN DAY 
Fig. 13: Selecting a '2.5%' percent day 
The columns are now averaged out and a day in the yearly-
weather f i l e i s found in each case where the average 
dai ly temperature i s closest to i t
1 4
. When twenty such 
days are lined up in sequence, ending with the day before 
the average of the 'x ' percentage days as the l a s t one, a 
r e a l i s t i c a l l y intense and select ive 'average of averages' 
three week s t a r t up period i s formed. 
The three week weather f i l e can be used by i t s e l f as a 
stand alone weather f i l e or i t can be spliced into the 
14. This means that a day in the yearly weather f i l e may be selected 
more than once. 
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Wethrgen generated one year f i l e for the required season. 
This method allows for the development of a more accurate 
p ro f i l e for an element's thermal performance under 
continuously intense weather conditions leading up to the 
I d a y in question - or the 'design day' - for the purposes 
of the study. The in tens i ty of the period can be 
increased by choosing smaller values for 'x ' (smaller 
values of 'x ' wil l make the 'design day' closer to the 
ho t tes t day in terms of average dai ly temperature.) 
| : | 識 : : : : 二 ： ： ， ； . . ： 彳 
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3 • 3 Fanger-' s Comfort Equation 
I , ， A i 、 . ：；. . .. : 
Field- s tudies undertaken in hot climates indicate tha t 
the acceptable upper l imi t s for indoor a i r temperature 
• 




A comfort study among 152 Asian and European res idents 
shows an upper l imi t for a i r temperature at 27°C, with 
r e l a t i v e humidity around 80%, and r e l a t i v e a i r ve loc i ty 
around 0.4m/s for persons with typ ica l t rop ica l clothing, 
estimated to have a Clo value of 0.40 (El l i s , 1952) • A 
f i e l d study in Singapore, including 14 subjects , found, 
I under approximately the same conditions as those examined 
by E l l i s , an optimal temperature of 28.5°C (Webb, 196 0). 
I 
Other such s tudies have been car r ied out in ho t -a r id 
zones such as cent ra l Austral ia (Macfarlane, 1962), and 
hot-humid regions such as Calcutta (Rao, 1952). 
I獵: 
One such study has arr ived at average f igures of 29.4 °C 
dry bulb as the upper l imi t s of comfort that may be 
considered for minimum standards of design (Campbell, 
1965). Although the studies quote a i r temperature as the 
c r i t e r i on (a f te r specifying the other environmental 
va r i ab le s ) , the following comment i s worth noting： 
These upper limits were mainly based on 
experiments in hot regions where humidi ty is 
high. In hot dry lands where there is no 
5 5 
humidity problem these figures could well be 
^ ^ P ' w i i f
1
 ‘ V ^ ' , L ,,,： 
The statement above i s worth considering. To del iberate 
upon i t , a derivation of the comfort equation, which i s 
the equation for the Predicted Mean Vote (PMV), i s used 
Ii: 





3 >3.1 The -Predicted Mean Vote 
The comfort equation t r e a t s the human sensation of 
comfort as a function of s ix var iables - four 
environmental (air temperature, mean radiant temperature, 
water vapor pressure & re l a t i ve a i r ve loc i ty) , and two 
personal (the thermal res is tance -of clothing worn and the 
metabolic a c t i v i t y leve l )
1 5
. Fanger's comfort equation 
H 
s t a t e s ： 
I 
_Mll-n) ^0.35 [43-0.061 M(l-n) -pal - 0. 42 i_M±l-n) -50]-
Adu Adu Adu 
0. 0023_Mll~n) (44-pa) - 0. 0014_Ml34-ta)= 
ADu Adu i 3.4*10' afcl[tcl+273) 4 - (tmrt+273) 4] + f c Ih c CtcI - ta； 
where M/ADu,n are a function of the type of activi ty 
t c i , fci are a function of the type of clothing 
and hc, ta,pa, t m r t are environmental variables. 
Using the comfort equation it is possible, for any type of 
clothing (Clo) and any type of activity (kcal/hr.m 2) , to 
calculate all reasonable combinations of air temperature, air 
humidity, mean radiant temperature and relative air velocity 
which will create optimal thermal comfort under steady state 
conditions (Fanger, 1970). 
『 
Sat is fy ing the comfort equation i s a condition for 
optimal thermal comfort；but the equation only gives 
information about the combination of var iables required 
15. An interest ing point arises here - how does one go about ranking 
these six variables in order of importance? After discussions with 
Dr. Higgs, i t transpired that clo value and metabolic rate are eas i ly 
the two variables we are most sensitive to； th is is followed closely 
by a i r temperature and a i r movement. Relative humidity, because of 
the broad range (20% - 80%) within which we do not feel any 
discorhfort, and mean radiant temperature, due to the fact that i t i s 
not a big variable in most normal indoor conditions, come l a s t . 
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for creat ing optimal thermal comfort. According to 
Fanger, i t i s not sui table as i s for determining the 
thermal sensation of a group of persons for any one kind 
of climate (p. 110, Fanger1970) . However, using the 
comfort equation as a s t a r t ing point with a group of 
persons voting on the modified seven point psycho-
physical ASHRAE scale (ranging from -3 [cold]‘to 0 
[neutral] to +3 [hot]) Fanger establ ished a connection 
between the thermal variables and the scale, such that 
when the comfort equation i s s a t i s f i e d one would expect a 
mean vote equal to zero (neutral) . He termed th i s as the 
Predicted Mean Vote (PMV). 
Fanger's equation for the Predicted Mean Vote i s : 
PMV = (0.352 e-0.04染/ADuJ + 0.032) f M (1-n)-
ADu 
0.35 [43 - 0.061__M-(l~n) - pa]-
ADu 
0.42 厂 M (1-n) - 50]-
ADu 
0. 0023 M (44-pa) ：- 0,0014 M (34 - ta)-
ADu 、 ADu 
. 3 .4*10-8 f c l [ ( t c l + 2 7 3 ) 4 - ( t m r t + 2 7 3 ) 4 ] - f c l h c ( t c l - t a ) ] 
where M/ADU,II are a function of the type of activi ty 
t c l , fci are a function of the type of clothing 
and hCf t a / p a / t m r t are environmental Variables. 
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3 • 3:: 2 The -Predicted Percentage Dissa t i s f ied 
The PMV i s an expression for the general degree of 
discomfort for a group of people as a whole, but i t i s 
nevertheless d i f f i c u l t to in terpre t what the magnitude of 
PMV can imply for prac t ica l purposes. Therefore a more 
useful expression has been derived by Fanger in his study 
which can be readi ly interpreted. This expression s t a t e s 
what percentage of persons in a group can be expected to 
be decidedly d i s sa t i s f i ed . The percentage d i s s a t i s f i ed i s 
simply an expression for the number of "potential 
complainers". 
.* 
The d i s s a t i s f i ed are defined as those who vote -2 (cool) 
or -3 (cold), +2 (warm) or +3(hot) on the 7-point ASHRAE 
scale as these are considered to be expressions of rea l 
discomfort as opposed to those who vote -1 (s l ight ly 
cool) or +1 (s l ight ly warm). Fanger's study included 1296 
subjects s imilar ly clothed (0.6 Glo) and exposed to 
similar environmental conditions for similar periods of 
time. The PMV from such a large database was used to 
derive the percentage d i s sa t i s f i ed which, from the study, 
was - shown to be a function of PMV. Hence the equation for 
PMV can be used to predict the percentage of persons in a 
group that wil l be d i s sa t i s f i ed . This i s known as the 
Predicted Percentage Dissa t is f ied (PPD). Fanger's study-
also showed that i t i s impossible to s a t i s fy a l l persons 
in a large group sharing a col lect ive climate. Even with 
a perfect environmental system, i f we could define one as 
I
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a system that creates absolutely uniform conditions in 
the occupied zone, one cannot obtain a PPD value lower 
I pf； 
than -5% for s imi lar ly clothed people engaged in s imilar 
activity”, 
Programming the equation for the PPD on a computer allows 
one to experiment with and quickly calcula te or predict 
the percentage of people who would begin to sense 
discomfort under conditions obtained by assigning values 
to these var iab les . The two personal var iables 7 Clo 
. - - ‘ ” -
value and metabolic ac t iv i ty , are within a person 's power 
‘‘‘ 
to change at w i l l . Relative a i r ve loci ty i s one of the 
丨• 
environmental var iables also included along with the 
I 
above two as a variable in the computer program. This i s 
because i t i s r e l a t i ve ly easy for a person to vary t h i s 
fac tor with a simple ce i l ing or pedestal fan. 
, , y 
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3.3•3 Range of values used: 
I 
The following range of values i s used as i t represents 
values that we come across in our day to day ac t iv i ty . 
They are varied one by one in the exercise： 
Clo value： 0.25 (very l ight clothing) 
0.50 (light summer clothing) 
0.75 (two layers of l ight clothing) 
1.00 (typical business sui t) 
Air movement： 0.0-3.0 m/s in increments 〇f 0.5 m/s 
Metabolic activity： 45 kcal /hr (complete rest) 
I 
65 kcal /hr (l ight work, 
( standing) 
85 kcal /hr (walking) 
13 0 kcal /hr (house cleaning) 
Following Fanger's approach, a temperature i s deemed 
uncomfortable i f the PPD for any temperature exceeds one 
and a half times the minimum PPD. The average minimum PPD 
i s -found to be approximately 5.1% (this i s based on 
Fanger's study which found that the minimum PPD wil l 
never be less than 5%). One and a half times that i s 7.7% 
and these values are used. 
From the permutations carried out with the above values 
i t i s found that i t i s possible to push temperatures 
I
 1 
accepted as comfortable to a value of up to 31°C (Fig. 14 
[each of the curved l ines represent the PPD for a 
combination of Clo value, metabolic ra te and a i r 
ve loci ty , while the mean radiant temperature and re l a t ive 
humidity are kept constant])• Accepted lower temperatures 
in the region of 22°C to 25°C have a gradual increase in 
terms of predicted percentage d i s s a t i s f i ed . The ra te of 
increase of PPD for the higher temperatures, from 28°C to 
31°C, i s however, very sharp• The PPD at these 
temperatures i s also very sensi t ive to the s l igh tes t 
changes in the three variables . A point i s reached (at 
32°C) beyond which even the minimum values for metabolic 
a c t i v i t y (45 kcal/hr) and Clo value (0,0) combined with 
an a i r veloci ty of 3 m/s wil l not be able to push the 
-
temperature accepted as comfortable fur ther up. The PPD 
even half a degree Celsius beyond th i s point i s more than 
I 
50%. This i s because i t i s now very close to skin 
I . ,  
temperature .
1 6 
• ‘ ” 
m . 
It can be seen that for constant comfort, the mean skin 
temperature decreases with increasing activity (for 
metabolic activity at 50 kcal/hr.m 2, skin temperature is 
34°C, for 150 kcal/hr.m 2, skin temperature is 31°C. 
(Fanger-, 1970) 
Although i t i s seen that the acceptable upper l imi ts for 
a i r temperature can be as high as 31
0
C, the rapid ra te of 
increase of PPD fdr minute changes of environmental 
var iables precludes i t from being used s a t i s f a c t o r i l y as 
16. Above 33°C, deep body temperature begins to be affected and 




a practica-lly acceptable temperature. Therefore, a lower 
value, where the ra te of increase in PPD i s not so rapid, 
i s chosen. 
This value i s around 28°C
17
 and the conditions under
r
which 
i t i s found to be an acceptable temperature are .： 
i) A Clo value of up to 0.75 
i i ) A metabolic ac t iv i ty up to 65 kcal /hr 
i i i ) Air movement between 1 and 2 m/s. 
Considering that Fanger's equation has been incorporated 
into the ASHRAE standards for human comfort (ASHRAE, 
1985) , t h i s exercise with the equation for PMV helps base 
the assumptions for internal temperature se t t ings for 
ca lcula t ing cooling energy in the DEROB exercises that 
follow. 
17. This value corresponds to a f ield study carried out by the Indian 
Ins t i tu te of Science's ASTRA division (Application of Science and 
Technology to Rural Areas) located in Bangalore. The author came 
across this at a talk held during a seminar in Bangalore about eight 




A comparison of PPD with varying Clo values ( . 25 , . 5 , . 75 Clo), Metabolic 
V . r a tes (50 , 100, 150 w) & Air v e l o c i t i e s (0, .5, 1, 3 m/s) 
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Fig, 14： Variations of PPD 
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3•4 Modelling the housing unit on DEROB 
3 . 4.1 Standard building materials used: 
：：^ . 
The elements making up the LIG/MIG incremental 
development housing uni ts can be c l a s s i f i ed into： 
a) s t ructure (floors, walls, roofs) 
b) openings (doors, windows, vent i la tors) 
c) project ions (overhangs, balconies) 
The standard materials used for these elements are shown I .、. 
in the table below： 
|pi
:： 
— — — _ _ — , 
Element Materials commonly Thermal performance 
used based on 
Floors Stone, 
Concrete, Thickness 
Concrete with cement 100 - 150 mm 
mosaic t i l e s . 
Walls Brick, Thickness 
Soil Cement block, 115 - 460 mm 
Stone, Orientation 
Concrete block. Color 
Shading on walls 
Horizontal Concrete, ~~ Thickness 100 -125 mm 
Roofs Clay t i l e s on Water proofing 
concrete purl ins . Color 
Shading on roof 
Openings ： "“ Wood, Sizes 
Windows Steel . 、 Orientation 
Doors Glazing 
Venti la tors ’ 
Shading Concrete, — S i z e 
•components Stone . Direction 
The above c la s s i f i ca t ion i s referred to in the exercises 
that follow. 
3.4.2 Mode-lling building materials in DEROB • 
. 
l | 
'MATLIB' (MATeriala LIBrary) i s a DEROB input f i l e that, 




i i ) speci f ic heat 
I i i ) density 
iv) radiat ion 
A numeric code i s attached to each material . Just the 
code number for a material need be entered and the 
program wil l default to i t s propert ies as stored in t h i s 
f i l e . Apart from storing the propert ies of common 
building materials , t h i s also means that f i c t i ona l 
I . 
materials can be stored just as well in th i s f i l e . Such 
f i c t i ona l material can be assigned propert ies as desired 
by the user, such as extremely low conductivity, density 
or spec i f ic heat capacity. These materials can be used in 
spec i f ic walls in a building in order to concentrate the 
search for r e su l t s elsewhere. For example, in order to 
study jus t the thermal response of a roof to solar 
radia t ion, a l l the other walls
1 8
 defining a room can be 
forced to be well insulated, and therefore, for the 
purpose of that study, not par t ic ipa te in the thermal 
exchange. The roof would now ef fec t ive ly be the only 
ba r r i e r between the exterior and the in t e r io r . 
18. In DEROB, a l l surfaces (walls, roofs, windows, doors, etc.) 
enclosing a volume are termed as "walls". All volumes (rooms) 
enclosed within a building are se r ia l ly numbered from 1 up. The 
outside of a building is volume 0 and the earth is volume -1. 
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3.4.3 Deve-lopment of a method for evaluating thermal 
performance . 
I；' 
A study was set up within the DEROB framework whereby the 
various elements in a building were investigated in 
i so la t ion (as described in section 3 . 4 . 2) . Invest igative 
s tudies were i n i t i a l l y made of a simple one-room 
building. I t was quickly real ised that the advantages or 
disadvantages of a par t icu lar element in a building would 
have to be s ta ted by unit area or volume in order to be 
able to eas i ly apply them as design guidelines. 
This involved simplifying the bui lding
1
s description to 
one cube (lm x lm x lm)
19
 and then： 
i) Assuming the cube
1
s location in t o t a l shade 
vs. in sunlight to study the e f fec t s of 
direct solar radiat ion, 
i i ) Varying wall & roof thicknesses to study the 
thermal behavior of wall mass in shade and 
sunlight, 
i i i ) Varying wall arid roof surface colour to study 
the implication of colour, 
iv) Completely rotat ing the cube in 45° 
increments to understand the e f fec t s of 
orientat ion, 






) were also tested 
and the resul ts reduced accordingly to unit areas and i t was found 
that there was no practical difference in the answers when compared 
to the result孕from a cube on lm. 
v) Varying a i r change capaci t ies and duration to 
understand the e f fec t s of convective heat 
t ransfer , 
/ vi) Introducing an internal wall to study the 
I e f fec t s of cyclic heat retent ion and emission 
by an internal wall mass 
and 
v i i ) Introducing shading components over the roof 
and walls to study the e f fec t of shadow 
var ia t ion. 
I ； 
1 ； . . - , : / . 
Thermostat se t t ings were used to i n f e r the e f fec t s of the 
above parametric changes by studying the amount of energy 
I 
required to keep the room at or below the temperature 
level s e t . (This temperature, the maximum a i r temperature 
acceptable for thermal comfort, was set at 28°C. This was 
deduced from the previous study conducted using Fanger's 
I騰.• 
comfort equation as well as the recommendation provided 
by the Indian Ins t i tu t e of Science's ASTRA division.) 
The simplif ied cube was set up in the DIG f i l e which 
describes building geometry. Standard materials used for 
f loors , walls and roofs were described in the WAL f i l e , 
which describes wall materials while surface 
absorp t iv i t i e s and colours were entered in the LUM 
(luminance tensors) f i l e . Differing orientat ions and 
periods of simulation were entered in the SOL (solar 




28°C and a-ir change ra tes were controlled in the TL 
(thermal loads) f i l e
2 0




 : ：..：. ： " .「 . ... . . . ... . . ... . / . . ‘ . . . . . . . . . . . . . 
The ruethod of i so la t ing various elements in a building 
• . 
individual ly and studying the i r e f fec t s upon indoor: a i r 
temperature i s used in the exercises that follow. The 
wmf-y 
evaluations from these studies can be used to draw up 
I：'; “ . ..:- - :,..-. ,. , . . “ .:: -,..‘•:.: , , . • V . • ‘ ., ‘ .-：;； • “‘ „ “ ‘ ‘ . ！ ： ‘  
design guidelines in the following areas： 
• 
i) or ientat ion 
I 
i i ) walls- thickness/material /color 
i i i ) openings- size & placement 
iv) roofs- thickness/material 
i 
I v) shading components. 
. 
. 
•：； • • 
2o.Dr. Higgs was of the opinion that, to evaluate an element's 
thermal performance both heating and cooling thermostats were to be 
maintained at one point, in this case 28°C. • This was to determine 
whether the element in question contributed to raising or lowering 
cooling or heating loads. But the author f e l t that heating an element 
to keep i t at 28°C would affect the cooling load required and cooling 
i t would likewise affect the heating load. This aspect was noted, 
discussed and studied. I t was found that maintaining a thermostat set 
point increased the cooling load by approximately 10%. This 
aberration was, however, found to be highly consistent. Therefore 
this consistency i t se l f allows one to accept the aberration - when 
one considers i t s convenience as an evaluation method, as the key 
here l i es in observing behavioural trends. 
i
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3.4 .4 . The- simplified nnbP 
The s implif ied cube on 1m. has five of i t s faces rendered 
inact ive for the purposes of the study. Only one of the 
. .
 1
 - • • 




 . This i s achieved 
a s fo l lows： 
I 
• . . . , 雇 . . : . : : : : : ¾ ..、 
is：' 
Enough insula t ion i s placed over the faces required to be 
• 
I inact ive . DEROB's remarkable nature with regard to 
handling the geometry of a 3-dimensional object makes 
t h i s possible . Walls as described in the geometric 
descr ipt ions (DIG) f i l e have no thickness while the 
mater ia ls that make up th i s wall are described, as 
mentioned ea r l i e r , in a separate (WAL) f i l e . This allows 
for some clever manipulation - a n y amount of material 
thickness as described in the WAL f i l e wi l l not a l t e r the 
basic geometry - i . e . , the thickness is neither centred 
to nor o f f se t inside, or outside, a shape described in 
the DIG file； jus t the thermal propert ies due to t h i s 
thickness are bestowed upon the wal l .
2 1
 (As mentioned in 
3.1 e a r l i e r , because DEROB reduces a bui ld ing ' s 
descr ipt ion to a R-C network [Resistance-Capacitance 
e l e c t r i c a l network] analogy, the user has to constantly 
keep switching conventional 3-D thinking 'on' or ' o f f ' . ) 
From i n i t i a l studies on the cube i t was found that 
wrapping a l l the faces of the cube that are required to 
21. This was aptly termed ' a geometry in two and a half dimensions' 
(during verbal discussions with Dr. Higgs.) 




be inact ive with about half a metre thickness of white, 
•麗 
expanded polystyrene achieves the desired level of 
i nac t i v i t y regardless of the surrounding a i r temperature 
or amount of d i rec t sunlight f a l l ing upon i t . Just the 
, / 
act ive wall under consideration, be i t a wall, f loor or 
roof, i s given the propert ies of building materials such 
丨麗. .. 
as brick, concrete/ glass, etc、This i s dependent upon 
the study being undertaken. An in teres t ing concept was 
the treatment of a i r as a b u i l d i n g m a t e r i a l that needed 
to be evaluated for i t s thermal performance l ike any 
other . In a hot dry climate, the benef i ts of bringing in 
a i r that has a temperature lower than the in t e r io r are, 
as shal l be seen, measurably benef ic ia l . Consequently, 
a i r moving out of a building carr ies with i t heat 
K：, 
convected off building elements； in e f fec t the ent i re 
outside a i r i s considered a heat sink, provided the 
outside a i r i s cooler than the indoor a i r . 
: ,
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4.0 The DEROB EXERCISES 
_ ：、 -
I 
The f i r s t part of the investigation involved set t ing up 
. 
exercises to study trends in the thermal performance of 
,• , 
building elements for the climate in question. Various 
隱 
combinations of materials used were described in the 
I 
'WAL' f i l e . Walls, f loors and roofs were studied, f i r s t 
to understand the i r behaviour in th i s climate and then to 
observe the trends. 
1 
These DEROB exercises are described one by one (sections 
_ : . 
4.1 to 4.10) in the following pages. Each exercise has a 
quest, a description of the setup variat ion and a 
finding. The findings are interpreted for arriving at 
design guidelines . 
•膨〔 ‘ 
In order to evaluate the thermal performance 
陽 . ' • 
r e a l i s t i c a l l y , i t was recognised that for a pattern of 
l iving where people mostly use the roofs of the i r houses 
rather than the in ter ior of the i r houses at riight, as 
much as they do during the day (Fig. 9), thermostat 
se t t ings did not have to be、maintained during those times 
(from 10 p.m. to 6 a.m.). This was included in the TL 
f i l e se t t ings during the evaluations. The outdoor 
temperature during th is period i s usually close to or 
below 28°C anyway. 
4.1 A study of var iat ions in a i r changes ra tes and times 
• ： 難 - — , … ， . . I . , , 
I 
Set up var ia t ions : 
The f i r s t study was set up using the simplified cube 
placed in regular sunlight. Air i n f i l t r a t i o n was set to 
p zero but a i r change ra tes and durations were varied. The 
f i r s t par t of the exercise studied a i r change durations. 
This was done to determine the optimum times of day that 
a i r changes were required. Air change times and durations 
can be set in the TL f i l e by se t t ing fan capaci t ies and 
time in te rva l s for 'on' and
 1
 o f f ' switches ( this in 
e f f ec t may also simulate windows that are 'open' or 
' c l o sed ' ) . As the outside a i r temperatures during the day 
M 
are generally higher than the thermostat set for 28
0
C, i t 
was required to careful ly determine the period when the 
fans would be ' o f f ' in order not to heat the in t e r io r 
• 
with the hot ter convected a i r brought in from the • • 
I 
outside. The second part of the exercise involved varying 
1 
a i r change ra t e s . Rates were varied from 0. 5 to 32.0 a i r 
changes per hour. The a i r change ra tes were doubled each 
time ( i . e . , 0.5, 1.0, 2.0, 4.0, e tc . ) and the i r e f fec t s 
upon the demand for cooling energy were studied. As there 
i s -just one thermally active wall with an area of one 
square metre facing into a volume of one cubic metre, a i r 
change ' r a t e s ' can also be converted into cubic metres of 
a i r required to be exchanged per hour for every square 
metre of active or external wall. 
Findings：-
The r e s u l t s obtained are p lo t ted in graphic format (Figs. 
15, 16 & 17) and i t i s seen tha t there are durations 
II . 
* — ； — — ： 
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Fig. 15: Effect of varying a i r change ra t e s and durations 
(Graphs for Fan OFF: 9:00-22:00, 10:00-22:00 & 9:00-23:00 are near 
coincident) 
, 
Cooling load summaries for varying durations (2 air changes) 
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Fig. 16： Air change durations 
(2 air changes are chosen for this graph as Fig.15 shows rapid 
divergence of values for. 4 air changes or more) 
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- ‘Varying air change rates, keeping air change OFF 
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Fig. 17： Air change r a t e s 
(Fig. 16 shows that the best time for keeping air changes OFF is 
between 10:00 - 22:00) 
during a day when keeping fans off ( i . e . keeping windows 
closed) i s more e f f i c i en t than others . The most e f f i c i e n t 
of these times are seen to be between 9:00 and 22:00 
hours, 10 ： 00 and 22 :00 hours and 9:00 and 23:00 hours. Of 
these, the p r ac t i c a l time for closing windows in the 
morning i s 10:00 hours as we can expect most of the 
\ 
people to have l e f t home by then, while for opening 
L windows at night the p rac t i ca l time i s not l a t e r than 
22：00 hours, as we can expect most people to be back home 
by then. (Inferences l ike these wi l l be used to draw up 
the guidel ines in the exercises that follow.) 
Wit-h respect to a i r change ra tes per uni t volume, half an 
a i r change per hour o f fe r s very l i t t l e improvement in 
cooling energy usage. There i s a marked decrease in 
cooling energy used from 2, through 4, 8 & 16 a i r changes 
per hour. The cooling energy usage drops in a l inea r 
fashion from 2 a i r changes per hour to 8 a i r changes per 
hour and then begins to taper o f f . Between 8 and 16 a i r 
R 75 
changes per hour appears to be most useful (with about a 
20% to 25% drop in cooling energy). 32 and 64 a i r changes 
per hour do not of fe r proportionately s igni f icant 
. 
decreases in cooling energy (the graph shown i s l inear 
along the 'y ' axis but logarithmic [base 2] along the 'x ' 
IK. 
axis : ) In quant i ta t ive terms, the cooling energy required 
I.; 
for 8 a i r changes per hour per cubic metre i s 
•. I 
approximately 0.5 kilowatt-hours less than when there are 
0 a i r changes per hour. (For a room measuring 4m x 3m x 
3m, t h i s would t rans la te to an approximate benefi t of 18 
kilowatt-hours, The energy used by the fans themselves in 
order to achieve these figures have not been taken into 
account.) 
醪:: . . . 








The damping e f fec t of earth mass below the f loor i s known 
to be a useful device to help keep the i n t e r i o r cool 
(Golany, 1992). The extent of t h i s e f fec t i s studied 
here • 
Setup variations： 
The exercise was set up in DEROB with the cube placed in 
regular sunl ight . As the e f fec t of the ea r th
1
s mass below 
the f loor i s required to be seen, the f loor i s considered 
as having no ear th below i t in one case, as having ear th 
below i t in the other and as insulated in the th i rd case. 
A preliminary study was done where the three cases were 
studied in i so la t ion . However, as the f loor faces the 
ear th , and a l l other walls were rendered inact ive, there 
was very l i t t l e exchange of energy from or to the cube
22
. 
Therefore, in order to be able to perceive the 
d i f fe rences between the above three cases an act ive wall 
‘ • “ ‘ 
was introduced. The active wall i s a 115 mm brick wall . 
I 
I n f i l t r a t i o n was kept at zero and there were no a i r 
changes included, 
22. The following explanation is also quite possible. A surface 
facing the earth does not receive direct or reflected radiation. 
Also, the diurnal ranges of soil temperatures are known to be more 
stable when compared to the diurnal range of air temperatures and are 
generally quite close to the mean daily temperature (Henderson-
 1 
Sellers and Robinson, 1986). In this case the mean daily temperature 
for the hot season, was seen to be close to 30°C which is not too far 





The r e s u l t s are studied for the three cases： 
i) a f loo r with no ear th below, i i ) a f loor with ear th . 
below and i i i ) an insulated, f loor . I t i s seen from Fig. 
18 tha t there i s a considerable drop in cooling energy 
required to keep the room below 28°C for a l l o r ien ta t ions 
I 
•隱::. 
of the act ive wall for cases i i ) . &： i i i ) when compared 
with case i ) , i . e . , the ea r th
1
s mass below the f loor i s 
R：； ‘ 
seen to behave as well as the insulated f loo r . An act ive 
wall of 115 mm. i s used as the d i f ferences show up well 
w i t h t h i s t h i c k n e s s ( a t h i c k n e s s o f 1 1 5 腿 f o r a n e a s t o r 
southeast facing brick wall i s not at a l l e f f i c i e n t as 
sha l l be seen in the exercises following t h i s ) . The 
I 
cooling e f f ec t of the e a r t h ' s mass upon indoor a i r 
temperatures i s s imilar to an insula ted f loor possibly 
because we have the cooling thermostat set a t 28°C. This 
if may be very close to the temperature of the e a r t h ' s mass 
below the f loor during the hot period. The important 
th ing to keep in mind, though, i s tha t the e a r t h ' s mass 
does not add to the cooling energy requirement. (The 
diurnal and seasonal var ia t ions in temperature within 
-
even the f i r s t half metre o"f the ear th mass are 
rel-at ively s table when compared to the steep diurnal and 
seasonal f luc tua t ions in a i r temperature
2 3
.) I :‘ 』 
一 
23. The practical implementation of this property of the earth's mass 
is probably with earth sheltered structures. The other immediate 
suggestion that comes to mind is that houses should, more often than 
not, be planned for horizontal expansion rather than vertical. This, 
of course, depends upon the availability of land! (The counter to 
this/suggestion is that the roof area will increase correspondingly -
this requires study.) 
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‘ The effect of the earth 's mass 
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Fig. 18: The damping effec t of the ea r th ' s mass 
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 The effect of n-r-j entatlnn 
_•圓 
The e f f e c t of or ienta t ion upon in te rna l temperature gains 





(Olgyay and Olgyay, 1957) i s focused upon in t h i s 
exercise； more spec i f i ca l ly , the e f f ec t of o r i en ta t ion 
K upon i n t e rna l temperature through a single exposed wall. 〜 
..「./•:...”,. 二 : … . : • / 八 . . . . , . ... . . … ： ； ^ ‘： 
Setup variations： 
I The DEROB exercise i s set up for the cube placed in 
regular sunl ight . - As the e f fec t of or ien ta t ion upon an 
external wall i s required to be seen, the roof, three of 
four walls and the f loor are considered insulated in a l l 
cases. The thickness of the fourth wall i s varied from a 
half br ick (115 mm) wall to a two brick (460 mm) wall in 
115 mm increments. These thicknesses are commonly used 
for wal ls . The building i s also ro ta ted from 0 to 315 
degrees, anticlockwise, at 45 degree in t e rva l s . 
I n f i l t r a t i o n i s kept at zero and no a i r changes are 
I； “ 
included. The cooling thermostat remains set at 28°C. 
Findings： 
The r e su l t s are studied for、all the four d i f f e ren t wall 
thicknesses, for a l l eight angles of ro ta t ion . I t i s seen 
from Fig. 19 tha t , for every thickness of wall, there i s 
an increase in cooling energy required to keep the room 
below 28°C as the or ienta t ion of the wall approaches east 
or west. 
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The most energy i s required when a wall faces d i rec t ions 
• • 
between west and southeast, anticlockwise, followed by 
•翳: 
southeast to eas t , anticlockwise. (These di rect ions wi l l 
a lso .be re fer red to as the ' c r i t i c a l d i r ec t i ons ' . ) I t i s 
a lso seen that the increase in amount of cooling energy 
required i s very sharp. There i s also a considerable 
di f ference in energy required for a c r i t i c a l d i rec t ion 
facing half brick (115 mm) wall versus a one or one and a 
I 
I half brick (230 mm or 345 mm) wall. The morning sun 
s t r i k e s east facing walls with greater in tens i ty than 
I ； 
walls facing other d i rec t ions . These walls store the 
heat, re leas ing i t into the building with a time lag 
depending upon the i r thickness. This time lag coincides 
with the ho t tes t part of the day for the thinner walls, 
adding to the discomfort and thus increasing the demand 
for cooling energy. 
Ifc. 
I®:. 
The important thing to notice i s tha t , although the 
.:..- • . . . •...… 
dif ferences between the demand for cooling energy 
required for d i f fe ren t wall thicknesses are 
proport ional ly similar to each other for a l l other 
d i rec t ions , the actual quantity of cooling energy 
required i s subs tan t ia l ly less than that required for the 
c r i t i c a l d i rec t ions . This suggests that using heavy brick 
walls for a l l non c r i t i c a l direct ions i s not as 
benef ic ia l as when using i t for c r i t i c a l d i rec t ions . 
Walls facing non -c r i t i ca l direct ions consume less than 
25% of the cooling energy when compared to the c r i t i c a l 
d i rec t ions .丨 
f
 8 
4 .4 The erf feet of external wall mass 
一 _ _ . 一 . 。 — 
upon ,an external wall mass. I t was seen that there were 
s ign i f i can t differences in cooling energy required when 
walls were oriented towards the c r i t i c a l d i rec t ions . In 
cont ras t , when walls faced non-cr i t ica l direct ions i t was 
- _ 
seen that there were differences in cooling energy 
I required, but these differences were not as s ign i f i can t . 
. . . . , ‘ .. • • • 
This exercise focuses upon a c r i t i c a l direct ion and 
• ... 
h ighl ights the importance of external wall mass for such 
or ien ta t ions . 
‘ 
I Setup var ia t ions : 
The DEROB exercise i s set up for the cube placed in 
regular sunlight . As the ef fec t of the varying of mass of 
an external wall i s required to be seen, the roof, three 
of four walls and the f loor are considered insulated in 
a l l cases. The thickness of the fourth wall i s varied 
from a half brick (115 mm) wall to a two brick (460 mm) 
wall in 115 mm increments. These thicknesses are for 
commonly used walls. The building was not rotated in th i s 
case, as only the c r i t i c a l direct ion east was studied. 
I n f i l t r a t i o n was kept at zero and there were no a i r 






The r e su l t s are studied for a l l the four d i f fe ren t wall 
thicknesses. I t was ea r l i e r seen from Fig. 19 tha t , in 
every case, there i s a drop in cooling energy required to 
keep the room below 28°C as the thickness of the wall 
If 
increases .工 t i s also seen from Fig. 20 that the 
‘ t 
reduction in amount of cooling energy required with 
K increase in wall thickness i s not l inear - there i s a 
reducing benef i t . (The difference, for example, in 
reduction in cooling energy between an east facing 115 mm 
wall and a 230 mm wall [twice i t s thickness] i s about 1.7 
、- • » 
kWh. The difference between the 115 mm wall and a 345 mm 
^ . 
wall [three times i t s thickness] i s about 2.5 kWh. The 
I 
difference between the 115 mm wall and a 460 mm wall 
[four times i t s thickness] i s about 3.0 kWh.) 
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 The e f fec t of colour upon external wall mass 
I 
The previous exercise focused upon the c r i t i c a l d i rec t ion 
I east ,and highlighted the importance of wall mass for 
c r i t i c a l d i rec t ions . This exercise focuses upon colours 
used on an external wall facing c r i t i c a l d i rec t ions . 
Setup variations： 
The DEROB exercise i s set up for the cube placed in 
I 々 ,.: •, . 
regular sunl ight . As the e f fec t of the varying of colour 
-upon an ex te .na! waH i s r 尋 i r e d to b e seen, the roof, 
three of four walls and the f loor are considered 
insula ted in a l l cases. The thickness of the fourth wall 
I i s kept constant at one brick (230 mm). The building i s 
not ro ta ted in t h i s case, as only the c r i t i c a l d i rec t ion 
east i s s tudied. I n f i l t r a t i o n i s kept at zero and there 
are no a i r changes included. The cooling thermostat i s 
set to 28°C. Variation in colour upon a wall i s simulated 
in DEROB by varying the absorpt iv i ty of a wall. This i s 
done in the LUM (luminance tensor) f i l e . Very l igh t 
colours have absorp t iv i t i e s close to 0.1 (white) and very-
dark colours have absorp t iv l t i es close to 0.9 (black). 
These values along with two values in between (0.33 and 
0.66) are used to represent a broad range of colour 
shades . 
「 8 5 
Findings： 
I 
The r e su l t s are studied for a l l the four colours. I t was 
e a r l i e r seen from Fig. 19 tha t , in every case, there i s a 
drop in cooling energy required to keep the room below 
. 
28°C as the thickness of the external wall increased. I t 
i s now seen from Fig. 21 that there i s a considerable 
reduction in amount of cooling energy required with 
increased l ightness of colour upon a wall . (The 
d i f fe rence in reduction in cooling energy between an east 
facing 230 mm wall with an absorpt iv i ty of 0.66 and an 
absorp t iv i ty of 0.33 i s about 2.2 kWh.) Fig. 21a shows 
the same data displayed using colour as the bas is for 
comparison. The comparison between varying the thickness 
of a wall and varying the colour reveals a ' t r a d eo f f ' , 
i . e . , l i gh t colours upon walls are seen to perform as 
well as th icker walls . An east facing 460 mm thick brick 
wall having an absorpt iv i ty of 0.67 i s outperformed by a 
230 mm thick brick wall having an absorpt iv i ty of 0.33. 
However as the absorp t iv i t i e s lessen ( i . e . , as the colour 
l ightens) these t radeoffs narrow. 
.I 
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 The effect of .qhadowlng upon a building 
Setup- variations： 
I T h e DEROB exercise i s set up such that the act ive wall of 
the cube i s mostly in shadow. The simulation for a 
shadowed wall i s achieved by adding a simple shading 
device (a deep overhang with t r iangular f ins) over the 
wall required to be studied. As the e f fec t of shadowing 
versus sunlight upon an external wall i s required to be 
seen, the roof 7 three of four walls and the f loor are 
considered insulated in a l l cases. The thickness of the 
• 
four th wall i s varied from a half brick (115 mm) wall to 
a two brick (460 mm) wall in 115 mm increments. These 
thicknesses are for commonly used walls. The building i s 
a lso ro ta ted from 0 to 315 degrees at 45 degree 
i n t e rva l s . I n f i l t r a t i o n i s kept at zero and no a i r 
changes are included. The cooling thermostat i s set to 
28°C. 
Nv / f f j 丨 ] ^ ^ i n s 
謹 
triangular fin ^^  
The shading device over the a c t i v e wa l l . 
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Findings：-
Except for approximately an hour a f t e r sunrise (07：00 
hours' for an external wall facing east or southeast) and 
an hour before sunset (18:00 hours for an external wall 
facing west or southwest), the shading device allows for 
no sunl ight to f a l l on the wall . This i s confirmed from 
the output generated by the SOL (solar penetration) run. 
The SOL output reported here i s condensed from the runs 
for the eight d i rec t ions . I t shows the presence of 
sunl ight upon the act ive wall (in t h i s exercise i t i s 
"WALL 2") for a f rac t ion of the seventh hour of the day 
when the act ive wall faces southeast or east and a 
f r ac t i on of the eighteenth hour of the day when the 
ac t ive wall faces southwest or west. This was also t es ted 
with the aid of a sundial
2 4
 ( refer Appendix C). 
24 . Sundials are a very useful tool for running a quick check upon a 
model (Lynch & Hack,: 1934) . The trigonometric formulas for 
ascertaining the position of the sun were entered into the 
spreadsheet EXCEL to arrive at values for the length of the shadow of 
a vert ical peg. This in turn was translated into plotting information 
for AutoCAD and sundials can now be easily obtained for any lat i tude. 
Dr. Higgs' recent refinement of this tool, involved writing an 





 and plotted on a printer. 
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condensed report from the SOL runs for the 8 direct ions: 
(The six columns and 4 rows of figures (24 in al l ) for WALL 2 
refer to the 24 hours in a day from f i r s t hour to the 
sixth, seventh hour to the twelfth, and so on. The hours 
when some sunlight f a l l s on a wall are shown here underlined 
in bold) 〜 
SOL RUN FOR SOUTH 
!. . WALL 2 DOES NOT RECEIVE SUN AT ALL 
SOL RUN FOR SOUTHEAST 
WALL 2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
AREA 1.0 0 . 1 9 0 0 0.0000 0.0000 0.0000 0.0000 0.0000 
0 . 0000 0.0000 0.0000 0 . 0000 0.0000 0.0000 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
SOL RUN FOR EAST 
WALL 2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
AREA 1.0 0.4927 0.0000 0.0000 0.0000 0.0000 0.0000 
0.0000 0 . 0000 0.0000 0.0000 0.0000 0.0000 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
SOL RUN FOR NORTHEAST 
WALL 2 DOES NOT RECEIVE SUN AT ALL 
SOL RUN FOR NORTH 
WALL 2 DOES NOT RECEIVE SUN AT ALL 
SOL RUN FOR NORTHWEST 
WALL 2 DOES NOT RECEIVE SUN AT ALL 
SOL RUN FOR WEST 
WALL 2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
AREA 1.0 0.0000 0.0000 0. 0000 0 . 0000 0.0000 0.0000 
0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 4 9 2 6 
0.0000 0.0000 0.0000 0.0000 0.0000 0,0000 
SOL RUN FOR SOUTHWEST 
WALL 2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
AREA 1.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
0.0000 0.000D 0.0000 0.0000 0.0000 0 . 1 9 0 2 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
From the graph in f ig . 22 i t i s immediately seen that the 
drop in cooling energy for a shaded wall vs. an unshaded 
wall facing a c r i t i c a l direction l ike east i s very 
s igni f icant (e.g. / over 1.5 kWh/sq.m. for a 345 mm wall) 
when compared to a north facing wall. For a north facing 
90 
• 
wall the difference in cooling energy i s hardly seen. 
This suggests that shading elements over walls are 
. -
extremely useful for c r i t i c a l direct ions but are not 
requited for non-cr i t ica l di rect ions . 
A comparison of the performance of shaded vs. 
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4 - 7 The influenGfi of in te rna l wall mass | 
The contr ibut ion of the thermal mass of an in te rna l wall 
in keeping indoor temperature s table i s studied in t h i s 
exercise . 
Setup variations： 
The DEROB exercise i s set up for the building placed in 
regular sunl ight , with an in terna l wall 1.Om x 1.0m, also 
0.23m th ick . (Again, t h i s i s theore t i ca l ly possible here 
because DEROB
1
s evaluation of geometric descr ipt ions does 
not subtract the thickness of walls from the volumes they 
enclose.) The exercise i s divided into two cases. 
In case 1, the roof, three of four walls and the f loor 
are considered insulated. The active wall i s a e i the r a 
one brick (230 mm) or a half brick (115 mm) wall. 
In case 2, in order to see the e f fec t of the in te rna l 
wall mass, the inner wall mass i s removed. 
The building was rota ted from 0 to 315 degrees at 45 
degree in te rva l s in case 1. I n f i l t r a t i o n was kept at zero 
and there were no a i r changes included. The cooling 
thermostat was set to 28°C. 
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Findings：-
The r e s u l t s are studied for both cases with and without 
the in t e rna l wall and for a l l d i f f e ren t angles of 
r o t a t i on . I t i s seen from Fig, 23 tha t , for both 
thicknesses of external wall with the Internal wall mass 
in place, there i s a drop in cooling energy required to 
keep the room below 28 degrees Celsius . The difference 
in cooling energy required i s more obvious, however, when 
the external wall i s thinner, at 115 mm. 
A quar ter of a cubic meter of in te rna l brick wall mass 
within a 1 cubic meter volume shows up to half a kilowatt 
reduction (or a 10% percent reduction) in the cooling 
energy required to keep the in terna l temperature at 28°C. 
This i s an average percentage f igure for a l l the 
d i rec t ions for the hot period and exhibi ts the influence 
of indoor mass as a modulator of the diurnal heat cycle. 
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The influence of inner wall mass 
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4•8 The e f fec t of the roof 
This study focuses on the e f fec t s of roof thicknesses and 
surface colour. Because we are dealing with a f l a t and 
horizontal roof, the e f fec t of or ienta t ion i s not 
important. 
Setup var ia t ions : 
I For the purposes of t h i s study a l l surfaces except the 
roof were modelled as i f in shade and well insulated. 
The var ia t ions included changes in the thickness of the 
concrete roof coupled with changes to the thickness of 
the weather proof course (WPC)
25
 above i t . The changes 
ef fec ted by these var ia t ions were studied against changes 
in colour. Colour changes were modelled in the LUM f i l e 
by specifying d i f fe ren t absorpt ivi ty f igures for 
d i f f e ren t colours. Very dark colours have absorp t iv i t i es 
set at 0.9; very l ight colours are set at 0.1 and the 
shades in between are set at 0.3, 0.5, 0.6 and 0.7. 
Thicknesses of roofs used were i) 100 mm of concrete with 
125 mm of WPC and i i ) 125 mm of concrete with 150 mm of 
WPC.' These thickne&ses are taken from standard roof 
25. weather proof courses (or WPC) on f l a t roofs are generally made 
of brick bats in lime or cement mortar. To achieve effective 
rainwater drainage, the top surface is sloped at not less than 1:60 
("an inch every five feet" rule of thumb). The minimum thickness at 
the roof edges are usually around 100 to 120 mm. Depending upon the 
location of rainwater pipes, the WPC may be as thick as 180 to 200 mm 
at points farthest from the rainwater outlet . WPC is also 
colloquially known as "surkhi". 
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thicknesses used in construction in these regions for 
roof spans not exceeding 3.6 m. 
Findihgs： 
From the graph (Fig. 24) i t i s seen that there i s a 
marked drop in the demand for cooling energy when roof 
colours are lightened from 0.9 through 0.7, 0.6, 0.5 and 
0.3 to 0.1 - the drop each time i s very s ign i f ican t and 
• ‘ . 
draws a t ten t ion to the fact that the midday sun can be 
very e f f ec t ive ly dealt with using l ight or very l igh t 
colours. The drop in cooling energy loads i s considerable 
- f r o m approximately 8.0 kWh from very dark colour (0.9) 
roofs to 1.0 kWh for very l ight colour (0.1) roofs. 
The effect of colour upon the roof 
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 comparison of the effectiveness of using l ight colours 
over increasing thicknesses for roofs has been made 
(Fig.•25) and i t can be seen that increasing the 
thickness of the roof by 50 mm (an increase of over 20%) 
• 
i s fa r less ef fec t ive than reducing i t s absorpt ivi ty by 
20%. For a roof thickness T, where T = 100 mm concrete + 
B 125 mm WPC and an absorptivi ty equal to 0 . 6 , the cooling 
energy load i s approximately 5.3 kWh. Changing the 
thickness to 125 mm concrete + 150 mm WPC but keeping the 
same colour reduces.- the cooling energy load to 5 . 0 kWh. 
However, changing the colour to 0.5 reduces the cooling 
B • 
energy to 4.5 kWh. 
A comparison of the effect of colour vs.. 
thickness for a roof 
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 An analysis of parapet-. W i s 
When f l a t roofs are made accessible they are protected at 
the perimeter by parapet ,walls . These parapet walls are 
general ly 0.8 to 1.0 meter high and provide varying 
|lf. 
degrees of shade to the roof depending upon the time of 
day. This study invest igates the i r e f fec t upon the roof 
they surround. 
Setup var ia t ions : 
In DEROB any external element not enclosing a volume i s 
t r ea ted as a shading element only and does not 
pa r t i c ipa t e in thermal exchange with the volume proper. 
In the absence of any parapet wall, a l l of the roof would 
see the sky in both the solar and the IR bands. In the 
presence of a parapet wall as jus t a shading wall only 
tha t par t of the roof not in i t s shadow would see the sky 
in the solar band and a l l of the roof would s t i l l see a l l 
of the sky in the IR band. In DEROB, th i s s i tua t ion would 
be t r ea ted as one where there i s no in terac t ion between 
the parapet wall and the roof surface closest to i t , say-
within a meter. 
In order to overcome th i s , the space above the roof 
surrounded by the parapet walls has to be converted into 
a ‘volume' This i s done by creating a f i c t i ona l surface 
made of highly transparent, transmissive glass la id on 
top of the parapet walls—Introducing the f i c t i ona l roof 
wi l l allow th i s interact ion to take place. I t wil l force 
98 
DEROB to perform a luminance tensor radiat ion analysis 
for the parapet walls in consideration. At the same time 
in order that t h i s enclosed volume approximate an open 
one, ,vent i la t ion ra tes have to mimic the amount of a i r 
that moves across the roof
2 6
. 
As the e f fec t of pa r t i a l shadowing of the roof by the 
parapet walls needed to be studied, the roof area was 
s p l i t up into perimeter and central zones (Fig. 26). This 
i s because when a surface i s p a r t i a l l y shaded in DEROB, 
the amount of insolat ion received by part of the surface 
i s averaged out over the ent i re surface and the value i s 
then applied to the surface node for that hour. 
Fig. 2 6： Roof studies . 
2 e Having a glass roof also meant that the space below i t would heat 
up.to unreasonable levels. So the temperature was 'conditioned' every 
hour to match the outdoor air temperature (the cooling energy 
required to do this is ignored for，the purposed of this study). 
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To achieve- a be t t e r feel for the way a f l a t roof behaves 
over a day (when par ts of the roof are in shade due to 
the parapet walls) the roof i s geometrically described as 
many ad jacen t , but smaller, coplanar roofs. This allows 
for the deployment of as many surface nodes as there are 
roof par t s . 
The f loor and walls of th i s room were considered well 
insula ted. The roof alone consisted of real world 
material - ' s u r k h i ' waterproofing27 over a reinforced 
concrete slab. The perimeter of th i s roof was bounded by 
the equivalent of a 0.8 metre high plastered brick 
醒》.:： 
parapet wall. The f i c t iona l roof for th i s volume 
consisted of 99.98 percent transmissive, very thin glass . 
Now that the parapet walls were made part of a volume, 
var ia t ions in colour upon the surfaces facing the roof as 
well as the roof i t s e l f could be made in the LUM f i l e . 
Two absorp t iv i t i e s were used, 0.1 for white and 0.9 for 
black• 
Findings： 
The e f fec t of the parapet wal l ' s presence can be gauged 
by' comparing the cooling energy required within the 
volume with those from the previous exercise where only 
the roof was studied (Fig. 26a). The surface temperature 
of the roof was also monitored and the f luctuat ions in 
temperature of the roof closer to the perimeter were seen 
27 Surkhi - colloq., a layer of brick bats in lime mortar laid to a 
minimum slope of 1:60— 
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to be more- than at the centre. The contrasts offered by 
near ve r t i c a l insolat ion versus shadow at the perimeter 
are higher. For th i s la t i tude and season, the northern 
panel' receives more sunlight, than shadow than any other 
panel and reaches temperatures close to 80。C between 
14:00 and 15：00 hours which i s about 8。C higher than any-
other panel. 
Variations in colour upon the surfaces of the parapet 
wall facing the roof did have noticeable e f fec t s , with 
very dark colours performing be t te r than very l ight 
colours. Dark colours upon parapet walls helped lower 
surface temperatures upon the roof. This i s due to the 
fact tha t l ight colours r e f l ec t radiat ion be t t e r . Being 
so close to the roof, much of th i s ref lec ted rad ia t ion ' s 
f i r s t ta rget i s the roof. The difference in surface 
temperatures jus t due to the colour of the parapet wall 
i s seen to be as much as 10。C for eastern and western 
panels and about 5°C for northern and southern panels, 
while the central panel i s hardly affected
2 8
. 
There i s also a drop in cooling energy used within the 
cube by around 11% - from 12.5 kWh to 11.0 kWh - when 
dark colours are used on the insides of the parapet wall. 
28. A perusal of the geometric shape factors explains th is : for the 
dimensions used, the shape factor between the central panel and any 
parapet wall is close to 0, while the shape factor between a panel at 
the perimeter and the parapet wall adjacent to i t is close to 0.5. 
I
 1 0 1 
The conjecture now i s that i f higher parapet walls are 
-we 
used to enhance shading upon the roof, as in a courtyard, 
then the contribution of dark colours upon the surfaces 
facing the roof may be proportionately be t t e r . This 
aspect has not been studied in de ta i l and requires more 
study. (For example, i t may be in confl ic t with the 
performance requirements of the courtyard wall i f i t 
encloses a room on the other side.) 
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4.10 The e-ffect of openings and shading 
From the exercises involving the study of the external 
wall 'mass i t was seen that greater thicknesses were 
required for the or ienta t ions southeast to northeast and 
southwest to northwest. This study i s s imi lar ly aimed at 
f inding the optimum direct ions , from the point of view of 
thermal performance, for having openings in external 
- . 
walls and the shading required over them to exclude 
d i r ec t gain. 
Setup variations： 
The cube i s placed in sunlight with the act ive wall made 
of g lass . There are four var ia t ions to the cube. The 
f i r s t one includes no shading protect ion for the glass 
wall (window). A shading device i s introduced in the 
other three in the form of an overhang and two t r iangular 
f in s on e i the r side (f ig. 27). The r a t i o of the 
overhang's project ion to the height of the window i s 
varied in three steps - 1:3 [shallow], 2:3 [moderate] and 
1:1 [deep] (these represent shading for solar a l t i t udes 
of 1 2 ° , 56° and 45°) . The cube i s rotated through a l l the 
eight or ien ta t ions for each of the four var ia t ions . 
Findings： 
From the graph in Fig. 27a i t i s seen that the di rec t ions 





Fig. 27: Shading device ra t ios 
highest cooling energy consumption (over 6 kWh), followed 
by the direct ions from southeast and east (around 5 kWh) 
when no shading device i s used. Even when jus t a shallow 
shading device (1:3) i s used the cooling energy drops 
dramatically and, surprisingly uniformly, by nearly 3 kWh 
for a l l the di rect ions . The moderate to deep shading 
devices (2:3 and 1:1) do offer some benef i t s ' but the 
、 
drop in cooling energy are not as dramatic. I t i s also 
seen tha t , apart from west, the cooling energy used evens 
out for a l l other directions to about 2 kWh when a deep 
shading device (1:1) i s used. 
. 
The ideal or ientat ions, using just shallow shading 
devices (1:3), appear to be north, northeast and south 
( i . e . , one can have 1.5 m high windows in these 
or ienta t ions and have just 0.5 m deep shading devices)• 
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5.0 A SUMMARY OF RESULTS 
Each of the exercises had a quest and a finding. The 
findings are simplified and summarized below： 
Ex. # Quest Findings 
01 Ventilation rates & *8 to 16 a i r changes per 
times hour i s found to be optimum 
•This a i r change mechanism 
should be switched off 
between 10:00 and 21:00 
hour s . 
02 Damping effect of the *Earth's mass below floor on 
floor grade i s beneficial； f loors 
do not require insulating 
material. 
03 Effect of Orientation *Facades from southeast to 
northeast, anticlockwise, 
and west to southwest are 
the ' c r i t i c a l directions
 1
 . 
04 Shading of walls- *Very effect ive, especially 
on facades facing the 
c r i t i c a l directions . 
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05 External wall mass *Diminishing returns with 
increase in thickness. 
^Consider one and a half to 
two brick thick walls only 
for facades facing c r i t i c a l 
direct ions . 
*Half brick thick walls are 
acceptable for a l l non-
c r i t i c a l or ientat ions . 
*External walls facing 
c r i t i c a l direct ions have to 
be painted white for 
maximum performance. A 
white-washed one brick 
thick wall w i l l perform 
be t te r than a dark 
(absorptivity > 0.7) two 
brick thick wall. 
06 Internal wall mass' *It i s useful to have 
(' wall ' also refers internal mass. I t does not, 
to f loors of the however, play a c r i t i c a l 
upper f loors , if any) role in the thermal 
_ see footnote no.18. performance of a building. 
w 
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07 Roof *Existing thicknesses used 
seem to be adequate 
but 
*white colour upon the roof 
dramatically improves i t s 
thermal performance. 
08 Parapet walls *Higher parapet walls 
increase shadowing on the 
roof and hence improve roof 
performance . 
*If the surfaces of the 
parapet walls are painted 
black, the surface 
temperatures of roofs can 
be lowered by about 10°C. 
09 Openings &. shading *Ideal orientat ions are 
north, northeast and south 
with shallow shading 
devices and 
•southeast, east and 
northwest with moderate 
shading. 
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5 .0 .1 A summarv bri pf‘ 
The following br ief i s wri t ten looking back at the 
object ives highlighted in section 2.0 and reading the 
summary in sect ion 5.0 (many of the findings are, not 
surpr i s ing ly , confirmations of commonly known design 
guidelines)： 
i) Orientat ion: Cr i t i ca l or ienta t ions are southeast to 
. . 
northeast and southwest to northwest, anticlockwise. 
i i ) Walls: Thicker walls are required for external walls 
facing c r i t i c a l or ienta t ions . Light colours on 
external surfaces improve the t he i r thermal 
performance . 
i i i ) Roofs: From the point of view of thermal 
performance, the colour of the roof i s extremely 
c r i t i c a l . I t i s more important to have l igh t 
coloured roofs than increase i t s thickness. 
iv) Openings and shading components： Ideal or ienta t ions 
a r e northeast to north, anticlockwise, and south. 
Shading required i s minimal. For di rect ions 
southeast to east , anticlockwise, and northwest, 
moderate shading i s required. 
Apart from these,, the other important area covered in the 
inves t iga t ion was the study of a i r change ra tes and 
durations . 
vi wB^M m 
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5 /1 Prelim-inarv Design Guidel ines 
The various exercises conducted allow one to compare and 
contras t accepted construction methods and pat terns of 
usage. The evaluations help in increasing, to some 
extent , the understanding of these issues. This increased 
awareness helps in proposing changes and modifications to 
a ce r t a in degree. I t i s however, re la t ive ly easier to 
propose a modification to a construction method than to 
d i c t a t e a change of pat tern of use. 
Also, the evaluation method used here should be noted 
with care. The simulations consisted of a housing unit 
s impli f ied to a single cube. Hypothetical exercises were 
then performed upon i t using ' synthet ic ' weather. 
Although a l l t h i s was done systematically and logical ly , 
i t s t i l l means that findings from the resu l t s wil l tend 
to be suggestive rather than conclusive. Clearly, much 
more work needs to be done ..in th i s f i e ld . More building 
I 
materials and construction pract ices need to be studied. 
‘ 、 , - . . . , . 
Future studies comparing simulations with data recorded 
〇n s i t e are required. Pending which, the findings from 
the exercises allow for the suggestion of some 
a rch i tec tu ra l design guidelines for the climate in 
question. These preliminary guidelines are to be viewed 
in the l igh t of thermal performance. They are： 
1 1 1 
鍵 E ” . . : : : : ' : ... ‘ •.. "；'v'；,-
1) At site-planning stage, one of the maj or decisions 
_ ^ • 
involves orientation： i t would be ideal to see that as 
• 
few uni ts as possible face east-west. Also, row 
. . . . . , , " . . , . 、 • . - 』 . ； 
hotising c lus ters with units facing north-south should 
have few end units exposed d i rec t ly to these 
di rect ions , i . e . , longer the c lus ter , smaller the 
number of end uni ts . 
J 1 ^ ^ ~^-
/ long clusters in E-W directions \ 
\ a l l o w for greater number of units / 
to face N-15 and will have fewer 
units exposed on the E-W ends overall. 
2) One and a half brick thick walls are necessary for 
external walls facing the c r i t i c a l directions between 
southeast to northeast and northwest to southwest, 
anticlockwise。 If economics permit, two brick thick 




SE E NE ( J 
. c, c ^ 
SW W NW 
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3) All other external walls, common walls between uni ts 
and a l l in ternal load bearing walls need not be more 
•m . 
. . 
than one brick thick. This, of course, may have to be 
viewed more careful ly in the l ight of s t ruc tura l 
requirement and acoustic privacy. 
4) The external surface of external walls facing the 
c r i t i c a l direct ions from southeast to northeast and 
from southwest to northwest, anticlockwise, should be 
painted white to reduce absorptivi ty. A one brick 
I thick wall painted white (absorptivity < 0.33) i s more 
e f f i c i en t than a two brick thick wall that i s dark in 
colour (absorptivity > 0.66). This i s very important 
with respect to s t ructura l economy. 
: 
Thin, light coloured = Thick, dark coloured 
J wall
 w a l 1 
113 
• • 
5) Shading- components in the form of overhangs over walls 
I I facing the c r i t i c a l direct ions from southeast to 
northeast and from northwest to southwest, 
anticlockwise, improve the thermal performance of the 
unit；As i t would take a large overhang to shade such 
walls (due to the i r very or ientat ion) , one of the 
methods suggested i s to embed small, projecting stone 
slabs in the wall
2 9
. The number of slabs and the 
distance they project will vary with the i r size and 
spacing. Considerable shading upon walls can be 
achieved. 
I r^ 
29. Horizontal projections only have, been mentioned here as i t is a 
simple matter to introduce a stone slab in place .of a few bricks in 
any given course. The introduction of vertical shading devices, 
however, in a wall is rather more complicated. The brick course has 




6) With respect to parapet walls, higher the eastern & 
western parapet walls, greater the duration of 
shadowing upon the roof. However , as no amount of 
increase in height will help shade the roof towards 
midday and early afternoon, simple roof shading 
devices (such as pergolas) are also strongly 
recommended. (The performance of pergolas have not 
been investigated in th i s study. I t i s mentioned here 
only to imply the importance of shading the roof.) The 
surfaces of parapet walls facing the roof should be 
painted black. 
Higher parapet walls on the E-W 
^ ^ ^ ^ ^ ^ sides help increase shading 
、 — P a r a p e t insides to be 
painted dark. 
L^O^J Simple roof shading devices 
^ ^ ^ x ^ L ^ ^ ^ ^ / J such as pergolas, running N-S, 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ will block sunlight for 
、、、、、 
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7) While t^ie thicknesses of roofs used seem to be 
adequate, the introduction of very l ight colours for 
‘ 
the roof wil l d ras t i ca l ly improve the thermal 
IS performance of the roof. Just one coat of whitewash ， 
pr ior to the onset of the hot season i s required (this 
i s proposed as a cost conscious solution and wil l not 
stay long on the surface i f people s t i l l need to use 
the roof. Longer las t ing solutions will require 
co s t l i e r treatment e i ther by using white paints or by 
laying white t i l e s , ) 
8) Venti lat ion ra tes are found to be optimum at 8 to 16 
a i r changes per hour. A combination of cei l ing and 
exhaust fans for each room will help to achieve t h i s . 
Care should be taken to choose an exhaust fan that has 
i t s motor facing outside the house while blowing out, 
so as not to add the heat generated by i t s e l f into the 
room. Not much can be done about the heat generated by 
a conventional cei l ing fan, however, due to i t s very 
locat ion. 
I • 弋 ^ ^ ^ ^ ^ ^ 
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9) During the hot periods of the day (between 10:00 and 
21:00 hours), fans used for bringing in a i r should be 
I 
turned of f , or else they will bring in external a i r 
that i s hot ter than the in t e r io r . (Ideally such fans 
should be controlled by sensors
30
 that simultaneously 
monitor indoor and outdoor a i r temperatures. They wil l 
work best i f the sensors are programmed to switch off 
the fans when the l a t t e r i s greater . ) 
\ / ^ ¾ _ I // // ^^ ^^ . 
I ^z^y/ f\ 
/ / ^^^^^ 
【丨 I ^ ^ • 
30 . Such sensors re ta i l for about US$ 40 in Hong Kong. This is 
expensive for low cost Indian homes but, if made locally, would 
probably sel l at more affordable prices. How would users be affected 
by such "programmed" fans? Especially on a day when a fan keeps 
switching on and off if outside temperatures fluctuate rapidly on 
ei ther side of a set point? (One of the suggestions to overcome this 
is to also program the fan not to react, more than once unti l a 
certain time interval has lapsed.) These are questions worthy of 
further study. 
P ^^ ^^ ^^  ^  ^  ^  ; r；1：. ； i ^  V IV , 
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10) The c r i t i c a l direct ions for avoiding openings on 
facades are northwest, west and southwest. The ideal 
d i rec t ions for having openings are north and northeast . 
Openifigs can be provided on facades facing south, 
. . . . . . . . . . . .. 
provided shallow shading devices (rat io of overhang to 
window height around 1:3) are used. If moderate shading 
devices (a r a t i o of around 2:3) are used then openings 
can be made in southeast and east facades. 
NO PROBLEM 





If openings cannot be avoided upon the facades from 
northwest to southwest, then shading devices have to be 
deep (ra t ios of 1 :^1 or greater) or careful ly designed 
(louvers, egg crates , operable or otherwise, e tc . ) to see 





5.2 A val i-dation nf the resu l t s using a model of a 
complete housing nri-i t 
The Exercises conducted produced a set of r e su l t s . The 
findings from these resu l t s were applied to the model of 
a complete housing unit as described in 1.1 e a r l i e r . 
Stage I of the five stages of the growing unit was 
modelled on DEROB (Fig. 28) . Stage 工 was chosen for 
s impl ic i ty as at th i s stage there are just four volumes 
in the house - the hal l , kitchen, bath and t o i l e t . 
This model was duplicated. One of the models was dubbed a 
'Bad-house' and the other was dubbed a 'Good-house
 1
 . In 
the
 1
 Good-house' the design guidelines were followed -
the or ienta t ion was due south, the external walls were 
made one and a half brick thick (345 mm) and coloured 
l igh t (0.33), the roof was coloured white (0.10), the 
openings were shaded well, a i r changes were kept at 8•0 
and switched off between 10:00 and 22:00 hours. The 'Bad-
house ' f o l l owed none of these guidelines
3 1
. I t was 
oriented due east , the walls were made just one brick 
thick and coloured dark (0.66) , the colour of the roof 
was also kept dark (0.66)7 a i r change ra tes were kept at 
jus t 1.0 and were not switched off at any time of the 
day. 
31 While such demarcations between "good" and "bad" appear to be 
drastic this was done in order to appreciate the magnitude of the 
problem' when the effects of al l the "bad" bi ts are accumulated. 
Although a small percentage of "good" houses may have been bui l t , 
"t^d" houses form the greater percentage. The eventual goal, anyway, 
is to build a "good" house. 
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In both ca*ses, parapet walls were included as shading 
walls . Internal loads were added based upon occupancy and 
a c t i v i t y (refer section 1.3). The three week special 
. 
weather f i l e was used for the simulation period. Cooling 
• 
I 
thermostats were set at 2 8.0°C between 6:00 and 22:00 
hours. The l iv ing spaces in the house were monitored. 
Simulations were run and i t can be seen from the 
accompanying graphs (Fig. 29) that there i s a 
I considerable drop in cooling energy required for the 
'Good-house' as compared to the . 'Bad-house'. 
% 
Fig. 28: The MIG unit as portrayed in DEROB
32 
32 After the geometric descriptions (DIG) f i l e is run in DEROB, one 
of the output f i l e s generated (refer Fig. 10： DEROB IUA 1.0 Flow 
Chart) contains information tailored for use with the graphics module 
of a program known as GIOTTO (Higgs, 1991). This allows one to set up 
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A comparison of cooling loads for volume 1 on the design 
day: Goodhouse vs. Badhouse 
‘ ,
3 0 0 0
 i I 40 厂 
‘ I 2500 .； y -^；" Z c Vol.1 Badhouse 
t � Z 30 - Cooling load 
1 2000 20 I <« 
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Fig. 29： Performance of the unit a f t e r following 
c' 、 
guidelines 
The graph in Fig. 29 for volume 1 (the hall) indicates 
the extent of improvement in the thermal performance of a 
house if the design guidelines are followed. 
Also, the cooling energy used for the whole unit for the 
three week period i s around 133 kWh for the 'Good-house' 
while i t i s around 425 kWh for the 'Bad-house
1
. The 
cumulative e f fec t s of bad design show up sharply in 
cooling energy used. This、 i s more than a three fold 
increase . 
viewpoints and check if the geometric description is representative 
of the building under study. 
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5，3 After-word 
Research continues at the Environmental Technology 
Laboratory to generate be t t e r and quicker ways to cover 
ground with respect to evaluating a bui ld ing ' s thermal 
performance. Dr . Higgs' development of design guidelines 
using the Energy Design Technique； or EDT, for any 
pa r t i cu l a r climate (Hand & Higgs, 1987) i s in the process 
of becoming streamlined for use with the PC under the MS-
Windows environment. The f i r s t batch of undergraduate 
students to use th i s tool during the spring term,
 1 95 , 
has given impetus to the process. Alongside these 
happenings, a more sophist icated version of the program 
dealing with Fanger's thermal comfort equation has been 
created, also to run under the MS-Windows environment: 
The in te res ted user can use th i s to predict the PPD for 
any of the s ix variables while manipulating the other 
f ive . Meanwhile, s ens i t i v i ty studies for a var ie ty of 
building materials and combinations thereof are being 
undertaken.
3 3
 On the ' tangible ' side, affordable 
instrumentation i s being researched into, as also the 
development of climate monitoring instruments i n t e r f a c e d 
to PCs for long term data col lect ion and management. 
33. As the results of sensit ivity studies on DEROB are dependent upon 
accurate weather data, there will be a thrust towards creating a 
rel iable weather .database. 
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7.1 APPENDIX A： Activity chart 
(Koenigsberger et al / 1974). 
Activity chart Location： Khartoum Sudan Season： Hot (June)-
Activity char! [ 7 ^
 :
~~ 
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(masters) 1===- ： . 1 j 1 j . i i l l ~| 
Courryara J' • •
1
 . . . ) - - i i “ "I ！ j‘…广“ .、_{ 
(malel) P '
 !
 . f - J ) I I i H~~ ： 1 
, Courtya^  jC
 1 ;
 j i ； . ; ‘ 
(fQrnsies) r^  . '
11 1 ； » j I I . • sssssss^  n • 
3胁。。mi| j i 1 I ! j j .1 r I 1 
Bedroom 2 ~ | j | | | | | | | 丨 . | . 
Bedroom 3 | | | j | j [ | j | | " 
«ey iVien Outdoor air temperature 
Women Indoor air temperature 
I ！ Childrsn ！ 丨 Comfort zone 
NOTES 
1. Men go to work at 7.30 and return at 14.30 hours (time spent at work is from 8.00 lo 
14.00 hours).
 { 
2. Children go co school at 7.30 and return at 14.30 hours (time spent at school is from 8.00 to 
14.00 hours). 
3. The verandah is used as a dining area at lunch time and as a sleeping space during the 
afternoon siesta. 
4.. Courtyard 1 is used at night as a sleeping area by parents only. 
5. Courtyard 2 is used to entertain male visitors in the evening. At night it is used as a sleeping 
space by the male members of the household. 
6. Courtyard 3 is used to entertain female visitors. The whole family "takes breakfast and 
dinner here. At night it is used as a sleeping space by Che female members of the household. 
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7.2 APPENDIX B： Cln values 
Although there i s no commonly accepted Clo standard, the 
following values are adopted by ASHRAE Standards. These 
values were determined at Kansas State University using a 
s t a t i c copper mannequin (Bradshaw, 1993)• 
Clo values for individual items of clothing: 
MEN i 一 
Clothing clo“ Clothing | clo 
Underwear Underwear 
Sleeveless 0.06 Girdle 0.04 
T-shirt 0.09 Bra and panties 0.05 
Briefs 0.05 Half sl ip 0.13 
Long underwear -Upper 0.10 Full sl ip Q • 
Long underwear -Lower 0.10 Long underwear-Upper 0.10 
Shirt Long underwear-Lower 0.10 
Light, short sleeve 0.14 Blouse 
:
 long sleeve 0.22 Light, long sleeve — 0.20 
Heavy, short sleeve 0.25 Heavy, long sleeve — 0.2 9 




Vest, l ight —0.15 Dress, heavy 0.70 
Vest, heavy “ 0.29 ； 
_ ； skir t , light 0.10 
Trousers, l ight 0•26~ Skirt, heavy 0.22 
Trousers, heavy 0.32 Slacks, light 0.10 
““~ Slacks, heavy 0.44 
Sweater, l ight 0.2(T Sweater, 
Sweater, heavy 0.37 — light, sleeveless 0.17 
Jacket, light “ 0.22 heavy, long sleeve 0.37 
Jacket, heavy — 0.49 Jacket, light 0.17 
S o c k s 一 _ “ Jacket, heavy 0.37 
Ankle length, thin 0.03 Stockings 
一 thick 0.04 Any length 0.01 
Knee high 0.10 Pantyhose 0.01 
Shoes
 s h o e s 
Sandals 0 • 02~
 S a n d a l s 0
 .
 0 2 
Oxfords -0.04 Pumps ° -
0 4 
Boots 0-08 Boots 0 .
0 8 
Hat and overcoat 2.00 | Hat and overcoat 




P 寶 111; 
0.2 C!o 0.8 Clo 
__
:
: f$ ii 丨 
! . ^ I W W ： 
1,0 Clo 3.0 Clo « 
； i 
Illustracion of a range of clo values, • 
CMsius 





 I •  ！ 1 ^ 1 ‘ 
• v I 
s«d«ntary. 50%, R H 
<\ Air Velocity S 30 fpm, Celsius 






§ X ~ X
 7 0 0
 • ， 2 0 0 
o ^o^ Radiation 力 
2 L ^ 600 * ^d 身 夕 
g Nk : z ry Convection 、夕-150 
u「\H— 丨 1 50 - ^ ^ 咚 ^^ 
o — ~ … > 、 丨 、 ’ - 1 C 0 - , ： A ^ V 
84- 69- 74' 79- W 、 ^ j " 
OPERATIVE TSMPSflATURE • f . “ 2 0 0 “ ( U 
. , - .
 1
 , . A. \ .： 
Cloching level (in clo unics) necessary for comfort ac di£- -300 H 1 i —
1 1 1 
fcrcnc opcracivc ccmpcracurcs. Rcprinced from Scandard 55 by per- 50' 50- 7(T 80' 90- I0<r 110" 
minion 
of chc American Society of Hcacing, Refrigeracing and AMBIENTTSWPSRATUfle 
Mr-Condicionicig Engineers, Inc. Rciacioaship beov«n metabolism, cvapocacion’ radiacion, 
coavecrioa，and ccmp^ncuxc. IMMI- . . — — —遍 





 APPENDIX C： P!imH-ials for la t i tudes 12° . 14° and 16°N 
. 
Choose the appropriate sundial for the la t i tude . Insert a 
gnomon (peg) as per length shown v e r t i c a l l y at point 
marked - t h i s i s very important. Place the dial f l a t on 
the rtiodel base, facing the proper direct ion. Place the 
model in direct sunlight (or at a considerable enough 
distance from a bright lamp so that i t s rays are nearly 
para l le l ) and t i l t un t i l the shadow of the t i p of the peg 
f a l l s at the desired intersect ion of hour and season 
l ines . The l ight will now f a l l on the model as i t would 
in r e a l i t y at that hour, season and la t i tude (Lynch and 
Hack, 1984). 
fe^V N 
Sun dial for latitude 1 2n 资 
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I g ^ g 
: - , V
 :鴻 
x o> 
Sun dial for latitude 1 4n 
[ Fa 
Sun dial for latitude 1 6n 资 
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^^ H 
7.4 APPENDIX D： A shor t l i s t of d ig i ta l simulation 
models (Li t t ler and Thomas, 1984) 
Program name Location Comments 
BLAST^  Construction Has problems coping 
Engineeiring • with rapid changes such 
Research Lab, as movable insulation； 
Lawrence Berkeley does not handle 
Lab (US)； Boeing variable glass 
CDC, UK emissivity 
DEROB Univ. Austin, see section 3.0 
Texas (US) (Methodology) 
DOE 2.1 Los Alamos Lab, Remains heavily 
Lawrence Berkeley weighted with HVAC 
Lab (US) plant 
FREHEAT Colorado State ~ Limited documentation, 
Univ., (US) only one zone, only 
mass wall or direct 
gain 
SOLAR 5 . 0 UCLA,~~(US) Primarily an excellent 
building description 
model, not an 'energy' 
model 
SUNCODE Ecotope Inc., Self shading routines 
Seattle (US) only 
SYRSOL Syracuse Univ., Uses only the so l -a i r 
(US) method 
TRNSYS Univ. Washington, Heavily weighted 
Seattle towards active solar 
systems 
2 — ZONE Lawrence Be rke l eyL imi t ed to two zones 
Lab, (US) 
UWENSOL Univ. Washington, Not well documented 
Seattle ； 
E S P _ r Univ. Strathclyde, Good documentation； 
(UK) ava i lab i l i ty on a 
commercial basis i s 
expensive 
SUNSPOT ‘ Los Alamos Lab, Excellent research tool 
(US) for direct gain (but 




Program name Location Comments 
.i. , . _ ：: . . '•• : •‘ 
,,::.、......., . . , , . . . . . , , V. ； • :: : . . . .. .. ..- . • . . - • 
PASOLE Los Alamos Lab, Excellent research tool 
(US) for mass walls (but not 
organized for general 
‘ users) 
THERM Watson House, Boundary temperatures 
London are the wall surfaces, 
not a i r temperatures； 
limited shading routine 
TASS Cranfield,(UK) Excellent input and~ 
output but less 
detailed in i t s 
handling of other 
problems 
BEEP Central Private code not 
Elect r ic i ty accessible for changes 
Generation Board or inspection of 
(UK) methods； incomplete 
documentation, not user 
friendly 
BUILD Univ. Nottingham, 
(UK) 
HOUSE Elect r ic i ty Only deals with 4 day-
Council Research s lots 
Centre, (UK) 
NBSLD National Bureau of Superseded by BLAST 
Standards, (US) 
UWIST Univ. Wales,(UK) Not documented 
BRISTOL Univ. Bristol, Being analogue, 
(UK) presently d i f f i cu l t to 
a l t e r 
UMIST, hybrid Buildings Dept., 





 APPENDIX F,； Weather data for Chitradurga 
d i s t r i c t . 
Weather data for Chitradurga d i s t r i c t has been maintained 
since, the turn of the century at the only meteorological 
s t a t ion in existence in the town of Chitradurga. The 
col lected data i s also archived at the Central 
Observatory as well as the Indian Meteorological 
Department, both located at Bangalore. Some of the data 
reproduced here was copied by hand at the Central 
Observatory as well at the Indian Meteorological 
Department. 
[The f i r s t part (pp. 134 & 135), which i s a general 
descript ion of Chitradurga's weather, has been re-typed 
word for word, as the original document was received in 
poor condition.] 
？八？：¾¾；⑶;4r： ：,:;': ,、‘、：： 、 ’ \ ： f ‘、々 “ 
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^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^啓！〉心 J'、’，，、、 \ 二 ’ ’ ''' ‘ • r ‘ V ‘ 
CHITRADURGA DISTRICT 
《The climate of this d i s t r i c t which is in the southwestern part 
of the Deccan plateau is marked by hot summer months, low ra in fa l l 
and a pleasant monsoon season. December to February is the cold 
season"with clear bright weather generally. The hot season s t a r t s in 
March and las t s t i l l about the beginning of June when the d i s t r i c t 
comes /under the influence of the southwest monsoon. The southwest 
monsoon season extends upto September； October and November form the 
re t rea t ing monsoon or post-monsoon season. 
RAINFALL 
The d i s t r i c t has a network of none rain gauge stat ions with 
records for periods ranging from 87 to 110 years. The statement of 
the ra in fa l l at these stations and for the d i s t r i c t as a whole are 
given in tables 1 and 2. The average annual r a in fa l l over the 
d i s t r i c t is 579.3 mm. Rainfall decreases in general from the 
southwest to the northeast. The d i s t r i c t receives ra in fa l l both 
during the southwest monsoon season (June to September) and the 
re t rea t ing monsoon (October and November). 5 0% of the annual ra in fa l l 
i s received during the southwest monsoon season. Rainfall in October 
and November account for about 30% of the annual rainfall• October is 
the month with the maximum amount of ra infa l l • The variation in the 
annual r a in fa l l of the d i s t r i c t is large. In the f i f t y one year 
period 1901 to 1950, the highest annual ra in fa l l , amounting to 159% 
of the normal, occurred in 1933. 1908 was the year with the lowest 
r a in fa l l which amounted to 61% of the normal. In the same f i f t y year 
period ra in fa l l less than 80% of the normal occurred in 12 years, two 
of them being consecutive. But at individual stations there have been 
even four or five occasions when two consecutive years had less than 
80% of the normal ra in fa l l . I t will be seen from table 2 that the 
r a in fa l l in the d i s t r i c t was between 400 and 700 mm in 40 years out 
of 50 . 
On an average there are 40 rainy days ( i .e . days with ra in fa l l 
of 2.5 mm or more). This number varies from 29 at Challakere to 49 at 
Belalkere. 
The highest ra infa l l in 24 hours recorded at any stat ion in the 
d i s t r i c t was 215.9 mm at Challakere on 1888 May, 12. 
TEMPERATURE 
The only meteorological observatory in this d i s t r i c t is at 
Chitradurga which has been in existence for over 68 years. The 
meteorological data of this station may be taken as representative of 
the conditions in -the d i s t r i c t . The period from about the l a t t e r half 
of November to February is one of comparatively cool weather, 
December being the coldest month with the mean daily maximum 
temperature at 28.0°C and the mean daily minimum at 16.7°C. The 
period from March to May is one of increasing temperature, April is 
the hottest month with the mean daily maximum temperature at 36.3°C. 
During th is season the maximum temperature may sometimes reach 41.0
0 
C. With the advance of the monsoon air over the d i s t r i c t , early in 
June, temperatures drop and the weather becomes more pleasant. There 
135 
is a sl ight increase of temperature in October and thereafter both 
day and night temperatures begin to drop, the highest maximum 
temperature ever recorded at Chitradurga was 41.7°C on 1931 May, 31 
and the lowest minimum 8.3°C on 1945 November, 28 and 1945 December, 
11. 
HUMIDITY 、 
Relative humidity is high about 70% during the period June to 
November. In the rest of the year, particularly in the summer months, 
the relat ive humidities are low and come down to less than 30% in the 
afternoons . 
CLOUDINESS 
During the period from June to about the end of October skies 
are generally heavily clouded to overcast. In the rest of the year 
they are clear or l ightly clouded. 
WINDS 
Winds are generally moderate with some strengthening in the 
southwest monsoon months• In the southwest monsoon months they blow 
mainly from a southwesterly or westerly direction. In the rest of the 
year they are predominantly from directions between northeast and 
southeast. 
SPECIAL WEATHER PHENOMENA 
Thunderstorms are frequent in the summer months of April and 
May and, to a lesser extent, in the southwest monsoon months. In 
September and October they are more frequent than in the other 
monsoon months. Some of the cyclonic storms which originate in the 
Bay of Bengal during the post monsoon months cross the eastern coast, 
often weaken into depressions and move across the peninsula. When 
these pass through the d is t r ic t or i t s neighbourhood, the d i s t r i c t 
gets widespread rain. 
Tables 3, 4 and 5 give the -data of temperature and humidity, mean 
wind speed and special- weather phenomena, respectively for 
Chitradurga. 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TAB L E • 2 
f^ EQUEMCY of annual rainfall in the dis t r ic t 
. (Data 1901 -1950 ) 
^ ^ 磁 磁 圓 — • _ 講 — 崎 • • 雄 r — ,. - - 画 • •面 L~T~t 
Range in nm# No#of years Rang« la im« No^ of years 
~ r ——— 一 一 — r ‘ - T I -- — mi IW • I I • II - — 1. I , •画丄• — m "' — "' * ^ ^^ mm ^ mm mm 義 
301 _ 400 2 701 一 800 5 
401 - 500 15 801 - 900 1 
501 - 600 12 901 - 1000
 2 
. 6 0 1 一 700 13 
• •••____ ••丨 — 一 一 — • 
^^^^^mmmmm 一一 •••MwMtaM • i i • in I i wm • •• — »iw i , •• • i mm • i i • 雄•聽 
T A B L E - 3 
NORMAL TEMPERATURE, AND RELATIVE HUMIDITY 
(CHITRADURGA ) 
— j m — I r i r J . 一 _ “ mmmmmtmmmrnmmmmum —— 
s r s n r — 一 一 — ^ 二 ；d = 二 
Max. Min. ever recorded
 e v e r
 0 8 3 0 1 73 0* 
°C 。C ° c D a t e _ _ ^ t e H 
• _ • r I "• — - — —— 麵 — 一 • 一 義 讀 画 — 
January 28.9 17,1 33.9 1900 Jan 29 9-9
 1 9 7 5 8 6 5 3 3 
^bruary 32.0 19.2 36.1 1931 袖 28 13.3 1947 Feb 6 56 24 
March 34.9 21.5 38.9 1925 Mar 31 14.7 ^ Mar 2 55 24 
A p r i l ， 36.3 22.7 39.4 1941 Apr 19 16.4 1^8 Apr 24 67 30 
„ay 35.1 22.3 41.7 ⑶ ！ May 队 7 1951 May 25 75 39 
J u n e ^ . 30.6 21.4 37.8 ⑶ W u n 6 17.2 1906 Jun 6 79 63 
J u l y ‘ 28,1 20.8 34.4 ⑶2 Ju丄 3 17-3 ^ S3 69 
August 28.1 20.5 32.8 1932 Aug 17 口.8 侧 鄉 W 84 69 
September 29.1 20.3 3S.0 讽 S Sep 扣 ^ 1 0 Sep 19、S3 63 
October 29.6 20.3 35.0 浏 5 Oct ⑴ 14.9 i974 Oct 的 艿 5 5 
… ， M r ^ 2 8 . 3 1 9 4 5 Nov 2 8 7 3 5 0 
November 20.4 18,4 32.8 1931 Nov 2 «“ 
” ，，o Dec 24 8.3 1945 Dec 11 71 40 
December 28.0 . 16.7 32.Q 1930 Dec ^ 
73 47 
Anhual 30.8 20.1 
_ _ 鍾 — ： - j M ||Tf 
•____•—_••一 一 ——1 • 
L」MMJU H _ _ • • 一 ••麵麵 _ _ ••環 _ 冊 -
* Hours I.S.T. 
138 
T A B L E - 4 
mean wind speed in w^HR. 
(CHITRADURGA ) 
• • 編 1 - ‘ _ 瞧 — - 1 • • 肚 麵 — _ • • 麵 麵 1_•囲社 “ • ^ 一 ― ^ • 雄 麵 • • 一 — • • 麵 — • _ _• _ 麵面袖 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dsc Annual 
丨  111 " " — • •• • W _ — FT I _ XM I _ — _丨——• — — IL" • 1 一 _L_ — I — — 1 1 - ^ 
7.8 6.9 7.1 7.7 10,6 14,2 14.9 13.1 10.8 6.3 6,2 7.6 9.4 
. • 
_ _ •_•_ I  —矚• __ Il I I _ -一 
T A B L E - 5 
: SPECIAL WEATHER PHENOMENA 
< CHITRADURGA ) 
—i 
^ y g ^ ^ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 
Thunder 0 , 1 . 0 . 2 5.0 6.0 1.1 0,1 0.9 3.0 3.0 0.5 0.1 21.0 
Hall 0^0 0.0 0.0 -0.1 0.0 0.0 0.0 0,1 0.0 0.0 0.0 0.0 0.2 
Dust-Storm 0.0、0.0 0.0 0.0 0.1 0.0 0,0 0.0 0.0 0,0 0,0 0.2 
Squall 0.0 0.0 0,0 0.0 0,0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 O.O 




im •• • L _ I I _ II _ - I . —」.jr t I JI ,, „ , I, - -I! ！-i-n T -I I W T II __ ' •• 
* Nb^of days 2 and above are given in whole n u m b e r | 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX F： F inanc ing p a t t e r n f o r HUDCQ 
M* I *!«*« MW i—m mmm- ( «•!•• • m mm aw-. u,r, I ( l n • . _ 
.
 1
 " " —' 
Q^i^qory m „ Lo/aii t Net: Repayment 
C e i 1 i n q c:柠.i I i r、g q f 1 n t e r. cs k t p e r x pd 
f i nance (Y^ars) ' 
j (Rs*) . ) (7”qge) ‘ 
• 仙泰-iw； - - —• • - • - - •，• mn .m f ••‘• _ “ I 
J r I EWS-Mont:.hJ.y Income Rs, ,1250 . 
r-v'u 
騰: - I “ 
Uand^DS!!?* 15,,200 l l . i m i ) 09 , i s 
Landed 2 6 . 仍 叼 9 0 . ¢59 i ^ I 
V i. 11 bg q a ba c) .1 4 „ BM0 t 氺 ipjq j ^ 
.inc .lud.i ng Re pa i.rs ' 
\ Jrbfu'v 
W^B House 26«400 .19,300 09 , 5 
Comfnun ,i tv NA NA \ © ’广？ 
F^pa i r^ / ？ , ^ m ,?(?) . 0^ j 0 
Addit ions 一 ’ 
•ft / 
工 I LI8 _ Monthly Income ov^r Rs. .1250 and up to Rs- .265¾ 
Rural IJrb«\n ‘ 
L..IG Hou«it> F30, \dm Bfy 13 j ^  
‘ ( 
Repa i r s / ‘ 2.1., m 8? 12 
Acl t l • 
N18-Monthly Income over Rs, 265® and up lo Rs. 4455> 
• . ' » 
r^ iral ^ Ur ban ‘ j 
I 
MIG l lDusst? v 1 R 75«WWW 7^ .1 «m 
-、 . (Am 1W 
Adr.1 j. 1: ions ; 
^ ^ IV HI ©-Hon k h l y Income over- Rs- 4-4-5(5/— i 
‘ i • 
HTB Hdu^ C? —— 3 ：, WW ? ' 60 .16.00 15 ! 
Rr?pairsi/ - - - .1 „ W® „ 0®0 m 16 - 00 1(¾ ( 
Add! t.ions 
34, The exchange rate for the US Dollar to the Indian Rupee in 1994 
was US$1. oo = Rs.30.oo (approx.) . This will t ranslate to, for the 
income groups, as follows： i) for EWS, a monthly income less than 
US$40.oo i i ) for LIG, a monthly income between US$40. oo - 90.oo i i i ) 
for MIG, a monthly income between US$90. oo - 150. oo and iv) for HIG, 
a monthly income of over US$150.oo. 
^ ― . .
 .
 ^
 ^ f f ^ m K T O R m R K K K ^ K R 
• J
 “ . 、 ： ， . ：
 ： … ; • 。 . i m ^ ^ B B 
. , , 、….i .- “ ‘ ：―. . . . . . . . . . . . . , . , ； ' , .、-:,.-.-又：/. . ； ； ； ^ ：', , - ‘,. . •'  “ :'〉’、r?‘,‘:.( 
—^———-““—I 
CUHK L i b r a r i e s 
_ _ _ 
0 0 0 7 3 3 3 0 2 J 
